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The  hot  corrosion  attack  of  metals  and  alloys  has  been  examined  over  an 
extensive  range  of  experimental  conditions  in  order  to  develop  a hot 
corrosion  theory »that  Is  gwriernUy  applicable- W -all-  such  a.  Ex- 

periments have  been  performed  at  temperatures  from  700®  to  1000®C  in  air 
and  in  gases  containing  oxygen  and  SOy  Sodium  sulfate  was  the  principal 
deposit  used  to  induce  attack  and  the  "effects  of  NaCl  and  carbon  in  the 
Nag30^  waB  also  studied.  Nickel-  and  cobalt-base  alloys  containing 
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various  amounts  of  chromium,  aluminum,  molybdenum  end  tungsten  constituted 
the  principal  materials  studied. 

The  hot  corrosion  attack  of  alloys  has  been  found  to  consist  of  an  initiation 
stage  and  a propagation  stage,  ^JBjg.JLng  the  initiation  stage  the  attack  is 
similar  to  that  occurring  between  the  gas  and  the  allby  iin  the  absence  of  the 
deposit,  but  the  alloys  ere  being  preconditioned  in  a way  that  determines  the 
particular  propagation  mode  that  will  cause  the  degradation!  "^The  faators 
which  determine  the  length  of  the  initiation  stage  and  the. type  of  propagation 
mode  are  identified- by  us-lng  attat  rations -end-are  shown  to  be;  alloy 
composition,  fabrication  condition,  gas  composition  and  velocity,  salt 
composition,  salt  deposition  rate,  condition  of  salt,  temperature,  temperature 
cycles,  erosion  and  specimen  geometry. 

The  hot  corrosion  propagation  modes  are  described  and  shown  to  consist 
of  fluxing  processes  and  processes  Involving  the  oxidation  of  phases  formed 
in  alloys  as  a result  of  reaction  with  components  in  the  deposit  (e.g. 
sulfidaL  chlorides ) The  fluxing  processes  are  shown  to  consist  of  basic 
/('oxide  ion  excess!  or  acidic  (oxide  ion  deficient)  reactions  where  the 
acidic  conditions  can  be  developed  by  components  of  the  gas  (e.g.  SO3)  or 
by  oxides  of  elements  in  the  alloys, 
f 

The  effects  produced  by  a number  of  different  elements  (e.g,  Cr,  Al,  Mo,  W) 
on  the  hot  corrosion  of  alloys  is  examined.  It  is  shown  that  by  using  the 
unified  theory  for  hot  corrosion,  previous  inconsistencies  are  resolved. 
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INTRODUCTION 


When  materials  are  exposed  to  combustion  environments,  deposition  of  ash 
or  salts  upon  their  surfaces  is  a common  occurrence.  The  compositions  of 
such  deposits  can  vary  over  a wide  range  depending  upon  the  characteristics 
of  the  combustion  process  (i.e.  air  composition,  fuel  composition).  In  many 
instances  the  formation  of  deposits  causes  the  nature  of  the  reactions  that 
take  place  between  the  combustion  gases  and  materials  to  be  substantially 
different  than  those  occurring  in  the  absence  of  the  deposit.  It  is  there- 
in fore  not  uncommon  for  materials,  especially  metals  and  alloys,  to  be  attacked 

i. 

by  environments  much  more  severely  when  deposits  are  present  on  their  sur- 
faces. The  degradation  of  materials  under  such  conditions  is  called  hot 
corrosion.  The  hot  corrosion  of  metals  and  alloys  has  been  observed  in  a 
variety  of  processes,  the  essential  ingredients  being;  elements  in  an  alloy 
for  oxidation,  components  in  a gas  for  reduction,  and  a deposit  on  the  sur- 
face of  the  alloy  capable  of  influencing  the  oxidation-reduction  process. 
Alloys  used  in  gas  turbines  are  susceptible  to  hot  oorroslon  attack. 
Turbine  blades  and  vanes  can  become  covered  with  deposits  of  sulfates  which 
are  composed  primarily  of  NagSO^  containing  different  amounts  of  Ca,  Mg,  Pb, 

V,  Zn  and  chloride  ion.  The  severity  of  the  hot  corrosion  attack  of  alloys 
in  gas  turbines  depends  on  the  operating  conditions  with  marine  and  industrial 
servloe  being  more  conducive  to  causing  attack  than  aircraft  service.  Hot 
corrosion  of  alloys  in  aircraft  gas  turbines  is  however,  not  negligible.  Hot 
corrosion  attack  of  alloys  is  also  a problem  in  the  exhaust  systems  of 
automobiles,  Incinerators  and  the  fireside  of  tubes  for  steam  boilers.  The 
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nature  of  the  deposits  may  be  different  than  those  in  gas  turbines  but  the 
phenomenon  is  the  same,  namely,  the  deposit  causes  more  attack  of  alloys  by 
gases  to  occur. 

Since  the  hot  corrosion  of  alloys  has  resulted  in  shorter  lives  for 
alloys,  a substantial  effort  has  been  directed  towards  determining  the 
mochanism(s)  by  which  the  hot  corrosion  of  alloys  takes  place  As 

mentioned  in  an  earlier  paper,  ^ at  first  sight  it  appas that  the 
mechanisms  developed  by  various  investigators  are  inconsistent  with  each 
other.  However,  closer  examination  of  the  problem  indicates  that  hot 
corrosion  can  occur  via  different  mechanisms  depending  upon  the  conditions. 
There  is  a need,  therefore,  to  put  hot  corrosion  theory  into  a perspective 
such  that  the  various  mechanisms  of  degradation  and  the  effects  produced 
by  different  elements  are  not  inconsistent  with  one  another.  The  purpose 
of  this  paper  is  to  present  a unified  theory  for  hot  corrosion.  An  important 
feature  of  this  theory  is  that  it  proposes  that  hot  corrosion  can  take 
place  via  different  mechanisms.  To  establish  this  point  conclusively, 
experimental  data  are  presented  to  identify  each  of  the  mechanisms  in  seme 
detail  and  to  describe  their  interdependence, 

EXFERIMENIAL 

One  of  the  difficulties  in  studying  the  hot  corrosion  of  alloys  is  the 
selection  of  appropriate  tests.  The  hot  corrosion  behavior  of  alloys  can 
be  markedly  dependent  upon  test  conditions.  It  1b  herefore  possible  to 
obtain  widely  differing  results  depending  upon  the  conditions  established 
by  the  test.  For  example,  as  shown  in  Figure  1,  the  amount  of  hot  corrosion 
attack  of  a Ni-8Cr-6Al*  alloy  after  6 hrs.  at  1U00#C  is  essentially  negligible 

v 

Alloy  compositions  are  expressed  in  weight-percent. 


whan  0.5  mg/cm2  NagSO^  is  present  on  the  surface  of  the  alloy  but  very 
severe  attach  is  observed  if  this  alloy  is  immersed  into  1 gm  of  Na^SO^. 

In  attempting  to  develop  a hot  corrosion  theory  that  applies  to  all  metals 
and  alloys,  it  is  therefore  necessary  to  utilize  tests  that  encompass  as 
many  as  possible  of  the  combinations  of  conditions  which  can  give  rise  to 
hot  corrosion  attack.  Hence,  it  is  necessary  to  use  a variety  of  different 
hot  corrosion  tests.  . 

The  tests  available  to  examine  the  hot  corrosion  of  metals  and  alloys 
can  be  put  into  two  general  categories.  One  category  involves  testa  in 
which  the  primary  reason  for  developing  the  teat  is  simulation  of  the 
conditions  established  by  a specific  process  or  operation.  For  example, 
burner  rlgs^*^  have  been  developed  to  attempt  to  simulate  the  conditions 
that  exist  in  the  hotter  sections  of  gas  turbines.  The  problem  with 
such  tests  is  that  the  definition  and  control  of  the  test  conditions  often 
become  less  precise  as  the  degree  of  simulation  is  increased.  The  other 
category  of  tests  are  those  in  which  the  primary  reason  for  developing 
the  test  is  to  precisely  oontrol  and  observe  the  effects  produced  by  changing 
certain  specific  parameters  known  to  be  important  to  the  hot  corrosion 
prooess.  The  problem  with  these  tests  is  that  conditions  are  usually  rather 
far  removed  from  those  that  actually  exist  in  the  process  under  consideration. 
In  order  to  understand  the  hot  corrosion  process,  tests  from  both  categories 
must  be  utilized. 

This  paper  will  emphasize  the  hot  corrosion  attack  of  alloys  that 
occurs  in  gas  turbines  but  the  results  will  be  generally  applicable  since 
it  is  desired  to  formulate  a unified  hot  corrosion  theory.  Burner  rig  tests 
were  used  to  help  define  the  experimental  parameters  that  were  critical  to  the 
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hot  corrosion  process,  and  laboratory  tube  furnace  tests  were  performed  to 
study  the  effects  these  parameters  had  on  the  hot  corrosion  process.  The 
burner  ris  tests  were  performed  in  a dynamic  combustor  designed  by  Dils,^1^ 
Figure  2.  This  rig  was  operated  on  distillate  Jet  fuel  and  compressed  air. 

Six  specimens  could  be  exposed  in  this  apparatus  simultaneously.  The  entire 
array  of  specimens  was  oscillated  about  the  combustor  axis  in  order  to  provide 
uniform  specimen  exposure  conditions.  Oas  velocities  over  the  specimens 
were  about  200  m/s.  The  laboratory  tube  furnace  experiments  were  performed 
at  temperatures  between  about,  700“  and  1000°C.  Deposits  of  salt,  usually 
0.5-5  mg/ cm2  Na^SO^,  were  formed  by  spraying  warm  (~  150“C)  test  coupons 
2 cm  x 2 cm  x 0,2  cm)  with  an  aqueous  solution  of  the  salt.  Testa  using 
large  amounts  of  salt  (~  1 gm)  were  performed  by  using  an  c^lgO^  crucible 
to  contain  the  salt  into  which  the  test  coupons  were  immersed.  Most  of  the 
experiments  were  performed  in  static  air  or  flowing  oxygen  at  1 atm,  but  some 
tests  were  performed  in  flowing  oxygen  having  an  30^  pressure  of  about  10 
atm.  The  30^  pressure  was  developed  by  adding  SO,,  to  oxygen  using  capillary 
flowmeterB  and  passing  these  gases  over  a platinum  catalyst. 

Both  isothermal  and  cyclic  temperature  testB  were  utilized,  In  the 
isothermal  tests  the  furnace  hot  zone  temperatures  were  controlled  to  better 
than  ± 2°C.  In  the  cyclic  tests,  specimens  were  subjected  to  hot  zone 
temperatures  for  50  minuteB  and  cold  zone  temperatures  (~  25°  - 4onC)  for 
ten  minutes  during  each  hour  of  exposure.  The  metals  and  alloys  used  in 
this  investigation  are  presented  in  Table  I,  Prior  to  testing,  all  specimens 
were  polished  through  600  grit  silicon  carbide  abrasive  paper,  ultrasonically 
agitated  in  ethylene  trichloride,  rinsed  in  ethyl  alcohol  and  dried. 


The  attack  of  exposed  specimens  was  evaluated  by  using  weight  change  versus 
time  data,  and  detailed  analyses  of  microstructural  and  surface  morphological 
features.  These  analyses  were  accomplished  by  using  standard  techniques  Involving 
the  light  microscope,  scanning  electron  microscope,  electron  beam  microprobe 
and  X-ray  diffraction. 


RESUITS  AND  DISCUSSION 
Hot  Corrosion  Degradation  Sequence 

In  attempting  to  develop  a unified  theory  for  hot  corrosion  of  alloys, 
one  of  the  first  problems  encountered  is  caused  by  the  fact  that  the  degradation 
mechanisms  can  change  with  time.  An  initial  question  involves,  therefore, 
the  time  at  which  the  hot  corrosion  process  should  be  analyzed.  Examination 
of  hot  corrosion  data  obtained  as  a function  of  time,  Figures  3 end  4,  shows 
that  there  appears  to  be  two  distinct  stages  of  the  attack,  in  particular, 
an  initial  stage  during  which  the  attack  is  not  too  severe  and  a later  Btage 
for  which  the  attack  has  substantially  increased.  Examination  of  exposed 
specimens  as  a function  of  time,  Figure  5,  shows  that  microstructural  features 
developed  during  the  attack  undergo  a marked  change  as  the  severity  of  the 
attack  increases.  Initially  the  microstructural  features  are  not  too  much 
different  than  those  that  would  have  developed  in  the  absence  of  the  salt 
deposit,  but  after  the  rate  of  attack  increases,  the  microstructural  features 
sure  much  different  than  those  that  could  be  developed  by  reaction  of  the 
alloy  with  the  gas  in  the  absence  of  the  salt. 

The  observed  tendency  for  the  hot  corrosion  process  to  consist  of 
two  stages  is  really  not  an  uncotunon  phenomenon.  The  usual  practice  in 

developing  alloys  with  resistance  to  high  temperature  corrosion  is  to  utilize 

(17) 

the  concept  of  selective  oxidation'  . During  the  initial  stages  of  de- 
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gradation  the  reaction  product  formed  because  of  selective  oxidation  predominates, 
whereas  other,  less  protective  phases  are  formed  as  reaction  products  later  in 
the  degradation  sequence.  Typical  weight  change  versus  time  curveB  for  such 
alloys  are  presented  in  Figure  6.  In  view  of  this  behavior,  it  is  reasonable 
to  describe  the  gas-induced  degradation  of  alloys  as  composed  of  essentially 
two  stages,  namely,  an  initial  stage  where  the  reaction  product  formed  at  the 
surface  of  the  alloy  is  composed  predominantly  of  the  most  protective  phase, 
and  a subsequent  stage  Involving  more  rapid  propagation  of  the  degradation  where 
the  reaction  product  consists  of  substantial  amounts  of  Ibbs  protective  phases. 

It  is  important  to  note  that  the  time  at  which  the  transition  from  the  more 
protective  reaction  product  (initiation  stage)  to  the  less  protective  product 
(propagation  stage)  takes  place  is  dependent  upon  test  conditions.  For  example, 
as  indicated  schematically  in  Figure  7,  the  transition  would  take  place  much 
sooner  in  a cyclic  oxidation  test  compared  to  an  isothermal  test.  Since  the 
gas-induced  degradation  of  virtually  all  corrosion  resistant  alloys  can  be 
considered  as  composed  of  initiation  and  propagation  stages,  it  1b  reasonable 
to  suppose  that  similar  stages  are  operative  during  hot  corrosion  attack 
but  occur  after  shorter  times  as  shown  in  Figure  7.  Moreover,  the  hot  corrosion 
process  can  be  conveniently  analyzed  in  terms  of  how  the  salt  deposits  alter 
the  processes  that  would  have  taken  place  during  these  two  stages  in  the  absence 
of  such  a deposit. 


Initiation  stage  and  with  continued  exposure  a substantial  increase  in  the 
degradation  rate  would  be  expected.  However,  in  the  case  of  very  severe 
tests,  the  propagation  stage  can  be  reached  after  short  exposures  and  no 
subsequent  increase  in  the  degradation  rate  is  to  be  expected. 


Initiation  Stage  of  Hot  Corrosion  Attack 
During  the  initiation  stage,  elements  in  the  alloy  are  oxidized  and 
electrons  can  be  considered  to  be  transferred  from  metallic  atoms  to  reducible 
substances  in  the  deposit.  When  the  reduced  substances  are  the  same  as  those 
that  would  have  reacted  with  the  alloy  in  the  absence  of  the  deposit,  the 
reaction  product  barrier  forms  beneath  the  salt  on  the  alloy  surface,  Figure 
8,  and  exhibits  mostly  features  resulting  from  the  gas  - alloy  reaction.  As 
the  hot  corrosion  process  lu  continued  however,  features  begin  to  become 
apparent  which  indicate  that  the  salt  is  affecting  the  corrosion  process 
and  eventually  the  selective  oxidation  process  is  rendered  ineffective.  The 
increasing  amount  of  sulfide  particles  in  the  photographs  presented  in  Figure 
5 is  an  example  of  this  condition.  The  time  for  which  the  most  effective 
reaction  product  barrier  is  stable  beneath  the  salt  layer  is  influenced  by 
a number  of  factors  identified  in  Figure  8.  It  is  important  to  note  that 
these  factors  also  have  significance  in  that  they  precondition  the  alloy, 
thus  determining  the  type  of  propagation  mode  to  be  followed.  In  the 
following,  the  most  important  factors  affecting  the  initiation  of  hot 
corrosion  attack  are  discussed  in  some  detail  and  examples  are  presented  to 
illustrate  their  effects. 
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Alloy  Composition 


Numerous  examples  can  be  cited  to  illustrate  the  influence  of  alloy 
composition  on  the  length  of  the  initiation  stage.  The  data  presented  in 
Figure  3 show  that  the  length  of  the  initiation  stage  for  hot  corrosion 
induced  by  NagSO^  in  air  is  increased  as  the  aluminum  content  of  nickel- 
chromium  or  cobalt -chromium  alloys  is  Increased  from  6 to  about  11$.  It 
also  shows  that  the  initiation  stage  for  Co-Cr-Al  alloys  is  longer  than 
that  for  nickel-base  alloys.  As  will  be  shown  subsequently,  the  degradation 
associated  with  the  propagation  mode  for  the  alloys  in  this  test  (Na^SO^ 
deposit  and  air)  consists  of  combined  basic  fluxlng-sulfidation.  In  this 
propagation  mode,  degradation  is  believed  to  occur  because  oxide  ionB 
are  produced  as  a result  of  the  removal  of  sulfur  from  the  NagSO^  by  the 
alloy.  The  oxide  ions  degrade  the  protective  scal.es  by  reacting  with  them 
and  oxidation  of  the  sulfide  particles  within  the  alloys  also  results  in 
increased  rates  of  attack.  By  increasing  the  aluminum  content  from  6 to 
about  11$  an  cr'AlgOg  scale  is  stable  for  a longer  period  of  time  which 
prevents  sulfur  removal  from  the  Na^SO^  by  the  alloy  and,  hence,  the  pro- 
duction of  oxide  ions.  Ab  the  AlgC^  scales  become  unstable,  the  Co-Cr-Al 
type  alloys  incorporate  sulfur  from  the  Na^SO^  much  more  slowly  than  the 
Ni-Cr-Al  alloys. 

In  discussing  the  influence  of  alloy  composition  it  is  necessary  to 
emphasize  that  some  elements  can  produce  beneficial  effects  over  certain 
concentration  ranges  but  deleterious  effects  over  others.  The  data 
presented  in  Figure  9 show  that  the  degradation  of  a Ni-30Cr-6Al  alloy  is 
less  then  that  for  a Ni-30Cr  alloy  after  about  80  hours,  but  substantially 


more  after  100  hours.  This  occurs  because,  in  nickel-base  alloys  which 
are  not  Al^O^  formers,  aluminum  causes  the  sulfidation  propagation  mode  to 
be  especially  pronounced.  In  such  alloys  sulfur  is  very  rapidly  removed 
from  the  NagSO^  due  to  the  formation  of  numerous  sulfide  particles  in  the 
alloys.  The  Ni-30Cr-6Al  alloy  is  not  attacked  severely  as  long  as  it  can 
maintain  a continuous,  external- scale  of  AlgO^  on  its  surface.  As  other 
oxides  becctne  stable,  however,  very  severe  degradation  ensues.  Hence, 
aluminum  in  alloys  can  produce  both  beneficial  and  deleterious  effects 
on  their  hot  corrosion  resistance. 

The  data  presented  in  Figure  10  show  that  by  increasing  the  chromium 
content  of  a Ni-8Cr-6Al  to  1%  the  initiation  stage  for  hot  corrosion  induced 
by  a large  amount  of  NagS0^  in  air  is  substantially  increased.  The  propagation 
mode  for  these  two  alloys  under  such  conditions  is  via  basic  fluxing.  In 
order  for  this  propagation  mode  to  occur,  it  is  necessary  to  establish  a 
substantial  oxygen  gradient  across  the  NagSO^,  By  increasing  the  chromium 
content,  continuous  external  scales  of  Alg0^  or  CrgO^  remain  stable  longer 
and  these  types  of  scales  consume  less  oxygen  than  when  these  oxides  are 
discontinuous.  The  same  type  of  results  are  obtained  when  the  aluminum 
concentration  of  this  alloy  is  increased. 

Fabrication  Condition 

The  hot  corrosion  attack  of  alloys  can  be  significantly  influenced  by 
fabrication  condition.  As  shown  by  the  weight  change  versus  time  data 
present-id  in  Figure  11,  an  as-cast  NiCiAlY  alloy  was  more  severely  attacked 
than  a vapor  deposited  alloy,*  One  effect  of  fabrication  condition  on 

Vapor  deposited  alloys  are  of  interest  because  overlay  coatings  are  often 

fabricated  by  using  vapor  deposition  techniques. 
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the  initiation  of  hot  corrosion  attack  is  through  compositional  inhomogeneities. 
As-oast  alloys  are  less  homogeneous  than  vapor  deposited  alloys  and  hot 
corrosion  attack  is  initiated  in  localized  areas  of  cast  alloys  at  which  the 
composition  is  more  susceptible  to  attack.  Once  initiated,  the  hot  corrosion 
attack  spreads  laterally  to  locations  with  compositions  more  resistant  to 
attack. 

Gas  Composition  and  Velocity 

The  composition  of  the  gas  phase  can  produce  very  substantial  effects 
on  the  initiation  and  degradation  rate  of  hot  corrosion  attack,  In  Figure  12 

weight  change  versus  time  data  are  compared  for  the  oxidation  of  a NagSO^  - 
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coated  CoCrAlY  coating  in  oxygen  and  in  oxygen  containing  SO^  at  10  atm. 

The  hot  corrosion  attack  1s  initiated  virtually  from  the  beginning  of 
weight -Increase  measurements  in  the  gaB  with  SO^  but  no  attack  was  observed 
after  20  hrs,  in  pure  oxygen.  The  Influence  of  the  SO^  in  this  example 
is  two-fold.  Sodium  sulfate  is  not  liquid  at  'JQOeC,  When  oxidation  of  CoCrAlY 
occurs  at  this  temperature  in  SO^,  a liquid  solution  of  Na^SO^  - CoSO^  is 
formed.  Hot  corrosion  attack  is  more  easily  induced  when  a liquid  phase 
is  present.  Sulfur  trioxide,  however,  also  influences  the  rate  at  which  the  hot 
corrosion  attack  is  propagated.  For  example,  the  attack  in  oxygen  is  not 
as  severe  as  in  oxygen  with  SO^  even  when  a deposit  of  NagS0^  - MgSO^  is 
used  which  is  liquid  at  700®C  in  oxygen,  Figure  12.  The  mechanism  by  which 
SO^  influences  the  hot  corrosion  attack  will  be  considered  subsequently.  The 
point  to  be  stressed  here  1b  that  the  initiation  and  type  of  hot  corrosion 
attack  are  dependent  on  the  composition  of  the  gas. 
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The  velocity  of  the  gas  is  a parameter  of  significance  in  the  hot  corrosion 
of  alloys.  Gas  velocity  effects  are  especially  evident  in  situations  where 
volatile  components  play  a role  in  the  hot  corrosion  process.  For  example, 
as  will  be  shown  subsequently,  the  accumulation  of  MoOg  in 
8Cr-6Al-6Mo  causes  very  severe  hot  corrosion  attack.  As  can  be  seen  in 
Figure  13,  the  attack  of  this  alloy  is  initiated  in  static  air  much  sooner 
than  in  flowing  oxygen  because  less  MoO^  is  lost  from  the  Na^SO^  to  the  gas 
in  the  static  environment.  Velocity  induced  effects  can 'be  especially  pre- 
valent in  Burner  rig  experiments  where  gas  velocities  in  excess  of  300  m/s 
can  be  achieved. 

Salt  Composition 

The  composition  of  the  salt  can  effect  the  hot  corrosion  of  alloys.  In 
Figure  14  photographs  are  presented  to  compare  the  degradation  mlcrostructures 
developed  in  coatings  exposed  to  Na^SO^  containing  different  amounts  of  NaCl. 

The  degradation  becomes  more  severe  as  the  NaCl  concentration  in  the  deposit 
is  increased.  As  will  be  shown  subsequently,  the  NaCl  In  the  deposit  oauses 
the  hot  corrosion  degradation  to  be  different  than  that  induced  by  pure  NagSO^. 
Numerous  other  examples  are  available  to  illustrate  the  importance  of  salt 
composition  on  hot  corrosion  attack.  It  is  sufficient  at  this  point  to 
Indicate  that  there  are  two  types  of  salt  composition  effects.  One  type  occurs 
because  the  deposit  transforms  from  solid  to  liquid  with  the  compositional 
change.  Figure  12,  The  other  type  involves  changes  in  the  meohanism  of  the 
hot  corrosion  attack,  Figure  14, 
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Salt  Deposition  Rate 


The  amount  of  salt  that  Is  present  at  the  surface  of  alloys  exerts 
very  significant  effects  on  the  rates  and;  in  soma  instances;  the  mechanisms 
of  hot  corrosion  attack.  The  amount  of  salt  which  is  present  on  the  surfaces 
of  alloys  affects  hot  corrosion  attack  by  two  means.  Some  degradation 
mechanisms  are  not  self-sustaining.  Salt  is  consumed  in  the  corrosion  process; 
and  therefore;  the  more  salt  present  the  more  attack;  Figure  1.  Other 
mechanisms  require  the  salt  to  have  a certain  composition  for  Initiation. 

These  specific  compositions  are  formed  at  the  salt-alloy  Interface  by 
modification  of  the  as-deposited  salt  as  a result  of  reaction  with  the  alloy. 

The  thickness  of  the  deposit  influences  the  time  required  to  obtain  the 
composition  necssary  to  initiate  attack.  When  attack  occurs  because  of  the 
development  of  a gradient  aaross  the  salt  from  the  gas  phase,  thicker 
deposits  cause  attack  to  be  initiated  sooner  than  thinner  deposits.  On  the 
other  hand,  when  attack  occurs  as  a result  of  the  accumulation  of  elements 
from  the  alloy  in  the  deposit,  then  attack  can  be  observed  sooner  with 
thinner  deposits,  Figure  15, 

Condition  of  Salt 

Hot  corrosion  attack  takes  place  because  the  deposit  modifies  the  type 
of  reaction  which  occurs  between  alloys  and  the  gas  environments.  The  condition 
of  the  deposit  plays  an  important  role  in  how  the  deposit  modifies  the  reaction. 
Normally,  a liquid  deposit  is  most  effective  in  causing  hot  corrosion  attack, 
Figure  12,  but  it  cannot  be  said  that  a liquid  deposit  is  required  for  hot 
corrosion  attack.  Very  dense,  Bolid  deposits  can  cause  the  chemical  potentials 


of  reactants  in  the  gas  to  be  much  different  at  the  alloy-deposit  interface 
compared  to  bulk  gas  values v Dense  solid  deposits  on  alloys  can  therefore, 

In  principle,  cause  hot  corrosion  attaok. 

When  liquid  salts  are  present  on  the  surfaces  of  alloys,  they  are  more 
effective  in  causing  hot  corrosion  when  they  wet  these  surfaces.  In  many 
lnstances  hot  corrosion  attack  has  been  observed  to  stop  after  very  thick, 
porous  scales  have  been  developed.  It  has  been  proposed^  that  the  liquid 
is  retained  in  the  porous  scale  rather  than  wetting  the  alloy  surface  and  thus 
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the  attaok  stops.  In  hot  corrosion-erosion'  studies,  it  has  been  found 
that  deposition  of  small  a-Al^O^  particles  Inhibited  attack,  Figure  16. 

This  condition  may  result  from  the  NagSO^  being  retained  in  the  porous  Al^O^ 
deposit,  however,  it  is  also  possible  that  the  AlgO^  deposit  reacts  chemically 
with  the  NagSO^, 

Temperature 

Hot  oorroslon  processes  are  dependent  upon  temperature.  In  many  oases  the 
time  to  initiate  hot  corrosion  attaok  decreases  as  temperature  is  increased. 

This  effect  is  evident  in  Figure  17  where  the  time  to  initiate  attack  of 
Ni-30Cr-6Al  using  NagSO^  deposits  and  air  is  greater  at  900*C  than  1000'C. 

Hot  corrosion  conditions  do  exist,  however,  where  the  attack  becomes  less 
severe  as  the  temperature  is  increased.  In  burner  rig  hot  corrosion  tests 
it  is  more  or  less  common  procedure  to  ingest  a controlled  amount  of  salt 
which  is  then  deposited  on  specimens  during  test.  For  the  same  ingestion 
rate  of  salt,  leas  is  deposited  on  the  specimens  as  the  temperature  is  increased. 
It  is  therefore  possible  to  observe  less  hot  corrosion  attack  at  the  higher 
temperatures  because  of  the  smaller  amounts  of  salt  on  the  specimens.  Even 
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whan  the  salt  deposition  rate  is  the  same,  there  are  conditions  far  which 
the  rate  of  attack  is  greater  at  lower  temperatures,  One  example  is  the 
case  where  the  deposit  is  liquid  at  low  temperatures  but  solid  at  higher 
temperatures.  Such  a case  may  be  expected  when  N&gSO^  is  in  contact  with 
oxides  of  nickel  or  cobalt  and  SO^  is  present  in  the  gas.  At  low  temperatures 
(/v  650#C)  the  30^  pressure  can  be  sufficient  to  form  a liquid  NagBO^  - CoSO^ 
solution.  At  higher  temperatures  (~  850"C),  the  30^  may  not  be  sufficient 
to  fbm  a significant  amount  of  CoSO^  in  the  NagS0^  and  the  deposit  will  be 
solid.  Another  example  involves  the  hot  corrosion  mechanism  where  S°3  1* 
the  gas  phase  plays  a significant  role  in  the  aorroBion  process,  This 
mechanism  will  be  discussed  subsequently.  As  shown  in  Figure  18,  the  hot 
corrosion  of  CoCnAlY  with  a NagSO^  deposit  and  an  80^  pressure  of  T'lO"^  atm 
occurs  at  a faster  rate  at  JGO'C  than  1000°C,  For  a fixed  amount  of  sulfur 
in  th.  S-,  th.  S03  p»..ur.  Uoom.  1...  u th.  temperature  i.  inureaeed. 

As  shown  in  Figure  18,  the  decreased  30^  pressure  also  results  in  a slower 
hot  corrosion  rate  at  the  higher  temperature. 

Temperature  Cycles 

During  the  initiation  stage  of  hot  corrosion  attack  the  reaction 
product  barrier  that  forms  due  to  reaction  of  the  alloy  with  the  gas  1b 
developing  beneath  the  salt  deposit,  Figure  8,  Thermal  cycling  of 
specimens  causes  this  product  to  crack  and  spall.  The  transition  from  the 
initiation  stage  to  the  propagation  stage  therefore  occurs  after  shorter 
times  as  the  number  of  thermal  cycles  is  increased,  Figure  19. 


Erosion 


The  time  at  which  the  transition  from  the  initiation  stage  to  the 
propagation  stage  takes  place  is  reduoed  when  erosive  conditions  are  present 
in  addition  to  the  conditions  oausing  hot  corrosion  attack,  Figure  1 6.  Part- 
iculate impact  damages  the  oxide  that  is  formed  during  the  Initiation  stage  and 
the  result  is  the  same  as  for  effects  produced  by  thermal  cycling.  It  has  been 
found,  however,  that  erosion-hot  corrosion  (propagation  stage)  conditions 

interact  such  that  the  conjoined  effect  is  substantially  greater  than  the 
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sum  of  these  two  processes  acting  independently  . It  appears  that 
erosion  accelerates  hot  corrosion  attack  (propagation  stage)  by  removing 
portions  of  the  porous  scale  which,  when  present,  absorbs  the  salt  and 
inhibits  it  from  wetting  the  alloy  surface,  Figure  20.  Hot  corrosion  oauses 
erosion  to  be  more  effective  by  oausing  portions  of  the  alloy  to  be  undercut 
by  corrosion  product  whloh  are  then  more  easily  dislodged  from  the  alloy 
by  the  impacting  particles,  Figure  21. 

Specimen  Geometry 

It  has  been  observed  that  hot  corrosion  attack  frequently  is  initiated 
at  the  edges  of  specimens,  Figure  22.  Such  results  indicate  that  thexe  are 
certain  configurations  of  the  oxide  scale  that  form  beneath  the  NagSO^  layer, 
Figure  8,  which  are  more  susceptible  to  damage  and  penetration  by  the  NagSO^ 
than  others.  It  is  rather  coranon  to  observe  the  spalling  of  oxide  scales 
initiating  at  the  sharp  angles  of  specimens  or  service  hardware.  Hence,  the 
observed  influence  of  specimen  geometry  on  the  transition  from  the  initiation 
stage  to  the  propagation  stage  of  hot  corrosion  attack  is  to  be  expected. 
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The  proceeding  discussion  shows  that  there  are  a great  many  factors 
which  influence  hot  corrosion  attack.  Such  a situation  is  partly  responsible 
for  what  appears  to  be  divergent  results  obtained  by  investigators  studying 
hot  corrosion,  since  the  experimental  conditions  usually  are  not  identical. 

While  there  are  numerous  factors  which  affect  the  initiation  of  hot 
corrosion  attack  and  precondition  alloys  for  the  onset  of  the  propagation 
stage,  the  mechanisms  whioh  are  operative  in  the  propagation  stage  are 
not  unmanageable.  As  indicated  in  Figure  23,  results  obtained  from  hot 
oorroslon  tests  indicate  the  propagation  stages  for  degradation  of  alloys 
with  salt  deposits  into  throe  general  categories.  In  one  of  these 
categories  the  salt  is  innocous  and  degradation  in  the  propagation  stage 
proceeds  by  the  mechanism  determined  by  the  alloy  and  the  gas.  Such  a 
situation  is  likely  to  occur  with  porous,  solid  deposits  through  which 
the  gas  can  easily  penetrate,  (in  principle  it  is  possible  that  the  Balt 
oould  produoe  beneficial  effects,  o.g.  decrease  growth  rate  of  scale  via 
doping,  and  cause  the  onset  of  the  propagation  stage  to  be  delayed.  No 
clear  cut  example  of  such  an  effect  has  been  observed).  The  other  two 
categories  involve  degradation  mechanisms  which  are  different  from  those 
that  occur  in  the  absence  of  salt  deposits.  One  category  requires  the  salt, 
or  a product  of  the  salt-alloy-gas  reaction,  to  be  liquid.  Reaction 
between  elements  in  the  alloy  and  components  from  the  gas  in  the  presence 
of  the  liquid  results  in  the  formation  of  nonprot'.  otive  reaction  products. 

The  nature  of  the  reactions  that  take  place  under  such  conditions  are 
similar  to  those  where  surfaces  are  cleaned  by  using  oalt  baths  for  descaling 


-16- 

i.  tl  . w:  ■<■  1 ...  .1  r'fiU.M.  lil.-L.I  -I  ».■  ■ --.li.  m fi  1.  j'^1 1,  l-.inlVnilil.\il. 


or  fluxes 


' ' ',  .Hence,  this  category  of  the  propagation  stages  has  been 


labeled  salt  fluxing  reactions.  The  final  category  Involves  propagation 
stages  where  a component  from  the  salt  Is  added  to  the  alloy,  or  reacts  with 
the  alloy  or  Its  corrosion  products,  such  that  nonprotectlve  reaction  product 
barriers  are  developed,  This  category  of  the  propagation  stages  can  be  called 
salt  component -Induced  hot  corrosion,  or  degradation  resulting  from  salt 
component-alloy  reactions. 

In  the  following,  propagation  stages  Inoluded  In  the  general  categories 
of  salt  fluxing  reactions  and  salt  component-induced  degradation  will  be 
discussed  In  some  detail.  These  degradation  processes  oan  be  explained  most 
effectively  by  considering  effects  produced  by  a given  salt,  namely,  NagSO^. 
This  salt  is  very  often  a major  component  of  deposits  that  have  been  observed 
to  Initiate  hot  corrosion  attack.  Hence  the  experiments  performed  in  this 
study  used  primarily  NagBO^  deposits.  The  hot  oorrosion  theory  that  Is  pre<< 
■anted  in  the  present  paper  is  applicable  therefore  to  deposits  having  NagSO^ 
as  a major  component,  however,  the  fundamental  concepts  are  believed  to  be 
generally  valid. 

Salt  Fluxing  Reactions 

Some  of  the  first  proposals  that  protective  oxide  scales  could  be  re- 
moved from  the  sur faces  of  alloys  by  molten  deposits  were  generated  In  studies 
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concerned  with  fireside  corrosion  In  boilers  . In  these  investigations 
the  oorrosion  observed  In  certain  metal  temperature  regimes  was  associated 
with  certain  types  of  deposits,  In  particular,  alkali  metal  pyrosulfates 
(e.g.  H&gSgO^)  at  temperatures  between  about  250*-430*C,  alkali  metal-lron 


trisulfates  (e.g.  Na^FeCSO^)^)  between  480°  - 730®C,  and  alkali  sulfates  at 
temperatures  above  750*0.  A point  of  concern  In  the  studies  of  the  mechanisms 
for  fireside  corrosion  was  that  the  measured  80^  pressures  in  the  gas  streams 
were  usually  much  lower  than  those  required  to  form  pyrosulfates  and  trlsulfates. 
It  was  proposed  that  localized  SO^  pressures  over  deposits  were  much  higher 
than  the  measured  values  due  to  catalytic  activity  of  the  deposits.  Recent 
studies'  have  shown  that  SO^  production  is  indeed  a function  of  boiler 
fouling,  increasing  as  the  amount  of  deposits  increases. 

At  elevated  temperatures  comparatively  high  SO^  pressures  are  required 
to  form  sulfates  of  elements  such  as  nickel,  cobalt  and  aluminum.  Further- 
more, 80^  pressures  are  lower  for  the  seme  amount  of  sulfur  in  the  gas  stream, 
Sulfur  trloxlde  can  therefore  be  expeoted  to  play  a progressively  less  dominant 
role  as  the  temperature  is  increased  and  investigators  began  to  develop 
mechanisms  not  involving  SO^  to  account  for  hot  corrosion  attack  at  temperatures 
above  about  7!30*C. 

Bornstein  and  DaCreaoente'-"  were  among  the  first  to  propose  that  hot 
corrosion  of  alloys  involved  a basic  fluxing  process,  as  opposed  to  the  lower 
temperature  acidic  fluxing  process  involving  80^,  It  was  proposed  that 
protective  oxide  Beales  were  destroyed  as  a result  of  reactions  with  oxide  ions 

in  the  salt  where  the  oxide  ions  were  produced  by  removal  of  sulfur  from  the 
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Nag80^,  Goebel  et  alv " extended  the  high  temperature  fluxing  reactions  to 
aoldlc  processes,  where  the  component  to  make  the  salt  acidic  waB  proposed 
to  be  certain  oxides  of  elements  in  the  alloys  (e.g.  MoO^,  WO^),  and  suggested 
that  porous,  oxide  scales  may  be  formed  during  either  basic  or  acidic  fluxing 
by  precipitation  from  the  molten  salts  into  which  these  oxide  scales  had 
Initially  dissolved. 
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Goebel  et  alv  ' proposed  that  the  dissolution  and  reprecipitation  processes 
were  controlled  by  the  oxide  ion  activity  of  the  melts  which,  in  tttrn,  was 
regulated  by  the  removal  of  sulfur  from  the  salt  (NagSO^)  or  by  the  addition 
of  oxides  of  certain  metals  to  the  salt  (e.g.  MoO^,  WO^).  Rapp  and  Goto^2^ 
proposed  that  the  dissolution-precipitation  process  may  occur  whenever  a 
negative  gradient  exists  in  the  solubility  of  the  oxide  across  the  salt  film 
and  that  such  gradients  may  be  developed  by  the  electrochemical  reduction 
reaction  that  aaaompanies  oxidation  of  the  metallic  elements.  The  Rapp-Goto 
proposal  is  therefore  a more  general,  and  a more  powerful,  criterion  for  oxide 
scale  dissolution  and  repreclpitation. 

In  the  present  paper  the  most  important  objective  is  to  present  as  complete 
and  as  self-consistent  a picture  of  the  hot  corrosion  proaasa  as  possible. 

It  therefore  will  be  attempted  to  show  that,  os  with  all  hot  corrosion  processes, 
the  type  of  fluxing  mechanism  depends  upon  experimental  conditions.  Hence, 
experimental  results  will  be  presented  to  identify  the  types  of  fluxing  pro- 
cesses that  are  relevant  to  the  hot  corrosion  of  metals  and  alloys.  As  these 
processes  are  Introduced  and  disoussed,  possible  mechanisms  will  be  described 
to  provide  credibility,  however,  the  point  to  be  emphasised  is  the  types 
of  fluxing  reactions  and  how  the  different  fluxing  reactions  are  interrelated 
as  opposed  to  the  details  of  specific  mechanisms. 

Thermodynamic  Stability  Diagrams 

Before  discussing  the  types  of  fluxing  processes  that  are  relevant 
to  hot  corrosion,  it  is  helpful  to  examine  thermodynamic  stability  diagrams 
as  a means  of  predicting  the  fluxing  reactions  that  are  feasible.  In 
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Figure  24a  a schematic  diagram  is  presented  defining  the  regions  of  stability 
of  some  of  the  phases  in  the  Na  - 0 - 3 system  as  a function  of  oxygen  and  SO^ 
pressures.  The  construction  of  suoh  diagrams  has  been  diecuBBed  in  previous 
papers'9*  . The  NSgSO^  region  of  this  diagram  describes  the  compositions 
of  NagS04  that  can  be  deposited  on  materials  where  a specific  composition 
has  been  indicated  by  a dot.  When  the  NagS04  covers  the  alloy  as  a layer, 

Figure  21b,  as  is  often  the  case,  components  from  the  gas  must  diffuse  through 
the  Na^SO^  to  react  with  the  alloy.  Hence  the  composition  of  the  Na^SO^ 
adjacent  to  the  alloy  can  become  significantly  different  from  that  in 
equilibrium  with  the  gas  as  indicated  schematically  with  arrows  in  Figures  24a 
and  b.  Three  compositional  changes  of  importance  can  take  place,  in  particular, 
the  salt  can  become  more  basic,  or  more  acidic,  and  it  almost  always  becomes 
more  sulfidizing  as  a result  of  the  lower  oxygen  activity. 

The  process  by  whiah  the  salt  beccmeB  more  sulfidizing  1b  straight- 
forward. The  oxygen,  sulfur  and  30^  pressures  are  interrelated  by  the 
following  expression: 


K 


(1) 


and,  providing  the  SO^  is  not  decreased  substantially,  the  sulfur  pressure 
is  increased  as  the  oxygen  pressure  is  decreased,  Figure  24a,  There  are 
at  least  two  processes  by  which  the  Nag304  becomes  more  basic  (l.e.  production 
of  oxide  ions).  One  involves  the  removal  of  sulfur  from  the  NagSO^  by  the 
alloy  whereby 

S042- 3 (alloy)  + | 0g  + 02~  (2) 
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and  oxide  ions  are  produced.  The  other  process  arises  because  the  oxide 

product  formed  on  the  surface  of  the  alloy  may  donate  oxide  ions  to  the  salt 

(24) 

as  proposed  by  Rapp  and  Goto'  While  the  oxide  that  is  attempting  to 
be  formed  at  the  alloy  surface  may  donate  oxide  ions  to  the  salt;  it 
could  also  react  with  existing  oxide  ions  by  reactions  such  as 

MO  + 02" ?».  M022“  (3) 

This  latter  reaction  is  a means  by  which  the  salt  can  become  more  acidic. 

The  question  of  whether  the  oxides  beginning  to  be  formed  upon  the 
surfaces  of  alloys  will  make  the  Balt  baBic  or  acidic  is  determined  by  the 
oxide  ion  concentration  of  the  as-deposited  salt  (defined  by  that  at  the 
salt-gas  interface)  and  the  affinity  of  the  oxides  and  their  metal  ions  for 
oxide  ions.  The  affinities  of  various  relevant  metals  for  oxide  ions  can  be 
described  by  using  stability  diagrams  superimposed  on  the  NagSO^  region  of 
Figure  24a.  In  Figure  25  some  diagrams  for  nickel,  aluminum  and  chromium 
are  presented.  These  diagrams  indicate  the  phases  which  are  stable  in 
NagSO^,  It  can  be  seen  that  there  are  acid  melts  (®)  for  which  NiO  is  more 
effective  in  developing  baBic  conditions  than  AlgO^,  0n  the  other  hand, 
there  are  baBic  melts,  (e),  for  which  AlgO^  is  more  effective  in  making 
acidic  conditions  than  CrgO^. 

Examples  of  basic  and  acidic  fluxing  will  be  presented  in  the  following 
sections  and  some  superimposed  diagrams  will  be  used  to  help  account  for 
results.  It  is  important  to  emphasize  that  care  must  be  exercised  when  using 
superimposed  diagrams.  For  convenience,  a number  of  diagrams  have  been 
superimposed  on  the  same  Figure,  Figure  25.  These  diagrams  have  been  con- 
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structed  with  no  consideration  of  the  Interaction  that  can  occur  between 

(05 ) 

the  individual  metals  and  therefore  in  the  case  of  alloys  they  can  only 
be  used  to  indicate  the  phases  of  the  metals  that  may  be  stable  in  NagSO^ 
at  specific  SO^  and  oxygen  pressures. 


Basic  Fluxing 

A feature  that  is  common  to  basic  fluxing  is  that  the  total  amount  of 
attack  becomes  greater  as  the  amount  of  the  salt  is  increased,  Figure  1.  The 
microstructural  features  that  are  developed  during  basic  fluxing  are 
dependent  upon  the  alloy  composition.  Photographs  illustrating  what  is 
believed  to  be  degradation  due  to  pure  basic  fluxing  are  presented  in  Figure 
26.  The  microstructures  shown  in  Figure  26  were  developed  by  using  a large 
amount  of  Na2SO^  and  a Ni-8Cr-6Al  alloy.  Similar  structures  can  be  developed 
in  this  .Hoy  using  smaller  amount,  of  tut  It  Is  necessary  to  examine 

the  specimens  during  the  early  stages  of  attack,  Figure  27a  because  the 
microstructural  features  change  with  time  as  the  Na„SO^  becomes  depleted  of 
oxide  ions,  Figure  27b. 

The  sequence  of  events  that  take  place  during  pure  basic  fluxing  can  be 
reconstructed  from  the  photomicrographs  presented  in  Figures  26  and  27  and 
analyses  of  the  salt  after  test,  The  balls  of  nickel  sulfide  on  the  surface 
of  the  alloy,  Figure  26a,  show  that  the  oxygen  pressure  must  be  low  while 
the  sulfur  pressure  is  high  enough  to  fozm  nickel  sulfide.  At  the  corrosion 
front,  aluminum  and  chromium  are  being  removed  from  the  alloy  by  the  Na^SO^ 
and  virtually  pure  nickel  is  being  left  behind,  Figure  26c  and  X-ray  images. 

In  addition,  analyses  of  the  solutions  obtained  by  washing  test  specimens  during 
the  very  early  Btages  of  attack  show  that  the  solution  is  basic  and  contains 
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soluble  aluminum  and  chromium,  Table  IX.  It  therefore  appears  that  at  the 
beginning  of  attack  an  oxygen  gradient  is  developed  across  the  Na^S 0^,  It 
should  be  noted  that  in  such  tests  the  Ni-15Cr-6Al  alloy  is  not  attaoked, 

Figure  10,  Hence  the  oxygen  gradient  must  be  established  because  a continuous 
layer  of  CrgO^  and  AlgO^  is  not  developed  on  the  Nl-0Cr-6Al  alloy  as  indicated 
schematically  in  Figure  28a.  As  a result  of  this  gradient  in  the  oxygen 
pressure,  the  sulfur  activity,  Figure  24a,  is  increased  and  nickel  sulfide 
is  formed  at  the  surface  of  the  alloy,  Figure  28b,  The  oxide  ion  concentration 
in  the  NagSO^,  which  has  been  increased  due  to  the  nickel  sulfide  formation, 
reaches  values  at  which  the  Al_0o  and  Cr-0,  dissolve  into  the 

d $ d i 

28b,  A process  is  therefore  developed  where  sulfate  ions  diffuse  toward 
the  alloy  and  as  regions  of  lower  oxygen  pressure  are  approached  these  ions 
sulfidize  nickel  whereby  oxide  ions  are  produced  which  in  turn  react  with  AlgO. 
and  CrgOg  to  form  products  that  are  soluble  in  the  oxide  ion  enrioned  NagSO^, 
Figure  28c,  The  alumlnate  and  chromate  ions  diffuse  away  from  the  alloy  and 
are  precipitated  at  higher  oxygen  pressures  as  AlgO^  and  CrgO^  along  with 
oxide  ions  that  diffuse  out  into  the  bulk  NagSO^  in  exchange  for  sulfate  ions 
The  important  feature  of  the  process  is  the  compositional  differences  that 
are  developed  across  the  NagSO^,  Figures  28c  and  d.  Schematic  phase  stability 
diagrams,  Figure  28d,  can  be  constructed  to  account  for  the  various  phases 
observed  in  the  corrosion  product,  Figure  28c,  As  long  sb  there  is  a supply 
of  sulfate  ions  from  the  NagSO^  the  hot  corrosion  process  proceeds  at 
approximately  a linear  rate,  Figure  1,  but  as  the  source  of  sulfate  ions  is 
depleted  the  attack  diminishes  and  oxygen  becomes  more  plentiful  in  the 
corrosion  product.  The  nickel  sulfide  particles  in  the  scale  become  oxidized 


NagSO^,  Figure 
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and  some  of  the  sulfur  from  this  process  moves  deeper  into  the  alloy  where, 
in  the  case  of  a Ni-8Cr-6A.l  specimen,  chromium  sulfide  is  formed,  Figure  27b. 

l'he  example  of  basic  fluxing  that  has  been  presented  waB  for  NagSO^  - 
induced  hot  corrosion  in  air  or  oxygen.  In  a gas  containing  SO^  the  corrosion 
process  could  be  significantly  different  but  the  degradation  will  still  be 
affected  by  the  composition  of  the  alloy.  For  same  alloys  the  melt  may  become 
so  basic  at  the  NagSO^-alloy  Interface  that  the  SO^  pressure  in  the  gas  may 
exert  no  significant  effect  but  In  others,  as  will  be  shown  subsequently, 
it  may  play  a very  important  role. 

The  particular  example  of  basic  fluxing  which  has  been  presented  was 
given  to  document  as  conclusively  aB  possible  that  degradation  via  a basio 
fluxing  process  can  occur.  It  must  be  emphasized  that  the  generation  of 
oxide  ions  necessary  for  the  attack  need  not  arlBe  from  the  formation  of 
nickel  sulfide  as  was  the  case  in  this  example.  Formation  of  other  Bulfides 

(e.g.  chromium  sulfide)  in  alloys  can  lead  to  oxide  ion  production  in  NagSO^. 

(24) 

More  importantly,  as  suggested  by  Rapp  and  Goto,  ' oxide  ion  production 
need  not  occur  as  a result  of  sulfur  removal  from  the  RagSO^.  In  the  Rapp 
and  Goto  model  increased  basicity  is  proposed  to  occur  because  of  the  reduction 
process  that  accompanies  oxidation  of  the  elements  in  the  alloy.  In  this  model 


the  hot  corrosion  process  involves  dissolution  and  reprecipitation  of  oxide 
where  the  criterion  for  such  a condition  to  exist  is  a negative  gradient 
of  the  oxide  solubility  in  the  salt  at  the  oxide-Lalt  interface. 

Data  are  available  which  suggest  that  re precipitation  of  oxide  does  occur 


during  hot  corrosion  of  Borne  metals.  For  example,  during  the  Na,,SO^  - induced 
hot  corrosion  of  cobalt  in  oxygen  an  oxide  slag  floating  on  the  salt  has  been 


f 


observed,  Figure  29a.  Beneath  the  salt  the  CoO  is  composed  of  a network 
of  pores,  Figure  29b,  and  it  appears  that  once  the  NagS0^  penetrates  the 
oxide  scale  conditions  are  developed  whereby  the  Beale  is  stripped  from 
the  metal,  Figures  290  and  d.  A model  for  the  hot  corrosion  of  cobalt 
induced  by  a thin  1 mg/ cm2)  layer  of  NagSO^  is  presented  in  Figure  30. 

Upon  heating  a NagS0^  - coated  specimen  to  a test  temperature  near  about 
1000°C,  a layer  of  CoO  is  formed  before  the  NagSO^  melts,  Figure  30a,  After 
the  NagSO^  melts  an  oxygen  gradient  is  developed  across  the  liquid  which, 
in  turn,  causes  the  sulfur  activity  over  the  CoO  to  be  increased.  Sulfur 
may  then  diffuse  through  the  CoO  and  form  sulfide  at  the  C0-C0O  interface 
which  indeed  has  been  observed.  Oxide  ions  should  therefore  be  produced 

p 

in  the  NagS0^  which  can  react  with  the  oxide  scale  to  form  CoOg  ions 
that  then  diffuse  to  the  NagSO^-gas  Interface  and  decompose  due  to  the 
lower  oxide  ion  activity,  Figure  30b.  This  hot  corrosion  mechanism  is 
similar  to  that  described  for  Ni-BCr-6Al  except  the  sulfide  phase  would 
be  formed  beneath  the  oxide  scale  rather  than  within  the  corrosion  product. 

By  using  the  Rapp  and  Qoto  model  it  is  not  necessary  to  have  the  sulfur  go 
into  the  metal  in  order  to  produoe  oxide  ions.  It  can  be  proposed  that  the 
NagS0^  composition  is  such  that  it  becomas  more  basic  at  the  CoO-NagSO^  inter- 
face due  to  the  reduction  of  oxygen  (i.e,  l/2  0g  + 2e  - 02“),  In  addition, 
it  can  be  proposed  that  the  oxide  solubility  in  the  Nag80^  decreases  as  the 
salt  becomes  less  basic.  The  oxide  will  therefore  reprecipitate  in  the  NagSO^ 
near  the  gas  interface,  Figure  30b, 

Regardless  of  the  mechanism  by  which  the  oxide  is  dissolved  and  re- 
precipitated, hot  stage  microscope  observations  made  during  the  hot  corrosion 
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of  cobalt  show  that  the  oxide  scale  la  eventually  penetrated  in  localized 
areas  and  a gas  is  evolved  from  the  Na^SO^,  It  appears  that  penetration 
of  the  scale  by  Na^SO^  causes  the  oxygen  pressure  to  be  reduced  and  the 
sulfur  pressure  to  be  increased  whereby  the  pressure  of  S0g  approaches 
unity.  Beneath  the  scale,  oxide  ions  are  produced  not  only  because  of 
sulfide  formation  but  also  due  to  S0g  evolution  and  consequently  the  scale  is 
stripped  from  the  metal  surface,  Figure  30c.  Meier'  ' has  proposed  that 
sulfide  formation  at  the  oxide-metal  Interface  may  be  sufficient  to  result 
in  stripping  of  oxide  scales.  The  scales  formed  during  the  hot  corrosion  of 
cobalt,  as  well  as  nickel, ' ' are  composed  of  discrete  layers  of  oxide, 

Figures  29c  and  d.  It  therefore  appears  as  though  the  penetration  and  stripping 
process  is  a cyclic  process,  Figure  30d.  Fluxing  of  the  scale,  as  a result 
of  Bulfur  removal  from  NagS0^,  would  be  cyclic  since  large  amounts  of  oxide  ions 
would  be  formed  as  the  oxide  saale  is  initially  penetrated.  Meier's  proposal 
on  sulfide  formation  giving  rise  to  stripping  would  also  be  cyclic  in  nature. 

The  basic  fluxing  models  involving  dissolution  and  reprecipitation,  and 
oxide  stripping  permit  large  amounts  of  attack  to  be  produced  by  comparatively 
small  amounts  of  NagSO^.  For  example,  if  it  is  assumed  that  a localized 
penetration  of  5 ^ in  diameter  causes  detachment  of  an  oxide  layer,  with  a 
thickness  of  3 over  an  area  of  10  square  microns,  then  the  molar 
ratio  of  non protec live  oxide  to  available  Nag80^  is  about  3 to  1 for  a specimen 
with  1 mg/om2  of  NagS0^.  Moreover,  the  number  of  moles  of  oxide  ions  required 
to  form  the  hole  is  at  least  2 orders  of  magnitude  less  than  the  number  of 

h 

moles  of  oxide  ions  available  in  the  NagBO^  over  10  square  microns.  While 
both  oxide  stripping  and  reprecipitation  can  be  used  to  account  for  the  ob- 
servation that  the  molar  ratio  of  nonprotectlve  oxide  to  NagSO^  deposited  on 
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specimen  surfaces  Is  commonly  between  10  and  100,  It  Is  important  to  emphasize 
that  basic  fluxing  usually  does  not  proceed  indefinitely.  One  reason  for  this, 
first  proposed  by  Raising, ^ is  that  as  the  thicknesses  of  nonprot active  scales 
are  Increased,  the  NagS0^  is  absorbed  into  the  porous  scale  rather  then  re- 
maining on  the  metal  surface  and  accelerated  attack  therefore  stops.  (The 
reduced  hot  corrosion  observed  in  the  burner  rig  tests  where  a-AlgO^  was 
deposited  along  with  NagS0^  may  be  an  example  of  such  an  effect,  Figure  16). 
Another  reason  which  applies  only  for,  hot  corrosion  in  air  is  that  the 
reprecipitation  of  oxide  causes  the  oxide  ion  concentration  at  the  Na^SO^-gas 
interface  to  be  Increased  and  saturation  must  eventually  occur. 

Binary  alloys  containing  ohromium  are  not  attacked  very  substantially 

via  the  basic  fluxing  degradation  process.  (These  types  of  alloys  are 

susoeptlble  to  hot  oorroslon  via  sulfur-induced  attack  which  will  be  discussed 

subsequently).  This  is  surprising  beoause  Crg0j  reacts  with  NagS0^  in  air 

at  temperatures  of  approximately  1000*C  to  form  NoCrgO^.  In  dlsoussing 

these  alloys  it  is  useful  to  consider  alloys  with  low  chromium  concentrations 

on  which  continuous  layers  of  Crg0g  are  not  formed,  and  then  alloys  with 

higher  chromium  contents  where  continuous  layers  are  developed.  In 

nickel  or  cobalt  alloys  with  low  chromium  concentrations  the  external  scales 

are  N10  or  CoO  and  these  oxides  are  susceptible  to  basic  fluxing.  During 

the  initial  phases  of  attack,  however,  these  oxides  are  competing  with  CrgO^ 

for  oxide  ions.  Since  the  CrgCL  has  a greater  affinity  for  oxide  ions,  as 

( q ) 

was  first  noted  by  Bomsteln  and  DeCrescente, the  NiO  or  CoO  forms  on  the 
specimen  surface  as  a continuous  and  protective  layer.  The  condition  that 
the  Crg0^  reacts  with  oxide  ions  is  not  sufficient  by  itself  to  atop  or 


inhibit  attack.  Hot  corrosion  attack  is  occurring  via  dissolution  of  Cr^O^  | 

and  if  there  is  not  enough  Cr,,0-  then  the  NiO  or  CoO  will  eventually  react, 

It  is  therefore  necessary  for  the  initial  reaction  of  the  melt  with  Cro0_,  ■: 

«£  3 ,| 

in  preference  to  NiO  or  CoO,  to  result  in  a situation  where,  after  the  CrgO^ 

Is  consumed,  tho  Na^SO^  cannot  return  to  a composition  at  which  reaction  1 

with  NIO  or  CoO  can  ocour.  One  possibility  is  that  the  thicknesses  of  NiO  | 

or  CoO  become  sufficiently  large  such  that  sulfur  is  not  removed  from  the 

NagSO^  by  the  metal  and  therefore  oxide  lone  are  not  produced.  Indeed, 

preoxidation  of  nickel  or  cobalt  can  be  used  to  stop  hot  corrosion  attack 

providing  the  preformed  oxides  are  not  cracked  during  application  of  tho  NagSO^, 

The  lack  of  hot  aorroslon  attack  of  alloys  with  higher  chromium  concentrations 
for  which  continuous  layers  of  CrgO^  are  formed  can  be  explained  by  using  ! 

the  model  of  Rapp  and  Goto  if  it  1s  supposed  that  the  solubility  of  Crg0g  ij 

is  less  at  the  CrgO^-NagSO^  interface  than  at  the  NagS0^-gas  interface.  Chromia  | 

will  react  with  the  NagSO^  but  it  will  beoome  saturated  and  a continuous  layer 
of  CrgOj  will  then  fom  on  the  alloy  surfaoe.  Stroud  and  Rapp^27^  have  measured  ■ 

\l 

the  solubility  of  CrgO^  in  NagSO^  at  two  oxygen  pressures.  These  data  have  ;j 

values  for  which  the  solubilities  across  the  NagSO^  Indeed  can  be  such  that  a j 

dissolution  and  roprec? pltation  fluxing  process  is  not  possible.  \ 

, i 

Other  elements  in  binary  nickel  and  cobalt  base  alloys  con  produce  effects  j 

i 

similar  to  chromium  at  low  concentrations.  Aluminum,  molybdenum  or  tungBten  j 


can  be  used  to  prevent  the  attack  of  nickel  or  cobalt  via  basio  fluxing.  At 
concentrations  of  aluminum  for  which  continuous  a-AlgO^  scales  are  formed,  how- 

r 

ever,  this  oxide  is  susceptible  to  basic  fluxing,  Figure  4.  As  will  be  shown 


.j 
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subsequently,  the  oxides  of  molybdenum  or  tungsten  can  make  the  NftgSO^ 
and  degradation  via  acidic  fluxing  becomes  possible. 


f 


Acidic  Fluxing 

A feature  of  acidic  fluxing  that  differs  from  basic  fluxing  is  that 
I acidic-induced  attack  is  usually  self-sustaining,  Hence  small  amounts  of 

l i 

deposits  produoe  much  more  attack  for  acidic  fluxing  compared  to  basic 
| fluxing.  Ash  or  salt  deposits  can  be  made  acidic  by  two  different  processes. 

One  process  (alloy- Induced  acidity)  has  already  been  described  under  basic 

I 

fluxing.  It  involves  the  formation  of  oxides  on  the  surface  of  alloys 
{ which  have  a great  affinity  for  oxide  ions  (e.g.  MoO^,  WO^,  Cr^O^).  The 

other  process  (gas-induced  acidity)  occurs  because  of  a species  in  the  gas 
j that  makes  the  salt  acidic.  The  moat  common  gas  components  that  make  the 

deposit  acidlo  are  SO^  and  Vg0,.  which  are  often  introduced  to  the  gas  via 
1 combustion  of  fuels  containing  sulfur  and  vanadium,  At  this  point  it  is 

worth  noting  that  a situation  analogous  to  gas -Induced  acidity  was  not 
considered  for  basic  fluxing.  In  principle,  hot  corrosion  produced  by  gas- 
induced  basicity  is  also  possible.  The  impurities  which  are  usually  present 
in  fuels,  however,  normally  are  not  oapable  of  producing  highly  baslo  salts, 

i 

4 . 

Alloy-Induced  Acidic  Fluxing 

The  weight  change  versus  time  data  presented  in  Figure  31  compares  the 
^ hot  corrosion  attack  of  Co-25Al  and  Co-25Al«12W  alloys.  The  hot  oorroslon 

' propagation  mode  for  the  C0-25AI  alloy  proaeeds  by  combined  effects  of  basic 

| | fluxing  and  sulfidation.  The  sulfidation  propagation  mode  as  wall  as  inter- 

action between  basic  fluxing  and  sulfidation  will  be  discussed  subsequently, 
j At  this  point  it  is  sufficient  to  note  that  the  NagSO^  - induced  hot  corrosion 

^ of  C0-25AI  involves  localised  penetration  of  the  AlgO^  scales  formed  on  these 

t 


1 
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alloys  via  a basic  fluxing  process.  Subsequent  degradation  after  penetration 
of  the  AlgO^  by  the  Na^SO^  appears  to  involve  oxidation  of  aluminum  sulfides. 
The  addition  of  tungsten  to  the  C0-25AI  alloy  causes  the  time  required  to 
Initiate  hot  corrosion  attack  to  be  extended,  Figure  31>  (the  weight  losses 
observed  during  the  first  50  hrs.  of  attack  are  believed  to  result  from 
vaporization  of  NagS0^  and  evolution  of  SO^  as  WO^  is  dissolved  into  the 
NagSO^),  Once  the  attack  is  initiated,  however,  it  is  self-sustaining  in 
the  alloy  with  tungsten  and  hence  more  attack  takes  place  compared  to  Co- 
25A1,  Figure  31*  The  tungsten  in  the  Co-25Al-12W  alloy  is  producing  effects 
similar  to  those  of  chromium  in  nickel  or  cobalt  alloys  with  low  chromium 
concentrations,  in  particular,  WO^  is  preventing  the  basic  fluxing  of  AlgO^ 
by  preferentially  reacting  with  oxide  ions.  The  eventual  self-sustaining 
attack  that  oacurs  is  an  example  of  alloy-induced  acidic  fluxing  due  to 
tungsten.  The  time  required  to  initiate  alloy-induced  acidic  hot  corrosion 
of  C0-25AI-I2W  la  greatly  reduoed  when  NagSO^-ooated  specimens  are  annealed 
in  argon  prior  to  exposure  in  oxygen,  Figure  31.  This  result  shows  that  a 
reduction  of  the  oxygen  pressure  in  the  NagSO^  favors  the  introduction  of 
tungsten  Into  the  NagSO^.  Washing  of  specimens  after  the  alloy-induced  attack 
has  been  initiated  causes  the  attack  to  atop,  Figure  31.  It  Is  apparent  that 
the  salt  deposit  Is  required  for  the  attack  to  continue  even  though  tungsten 
from  the  alloy  pltys  a significant  role  in  the  corrosion  process.  Mioro- 
■truotural  features,  typical  of  the  alloy-induaed  acidic  propagation  mode,  are 
presented  in  Figure  32  for  the  Co-25Al-12W  alloy  and  thick  corrosion  products 
are  quite  evident,  An  important  feature  is  that  there  is  a zone  in  the  oxide 
soale  inmediately  adjacent  to  the  alloy  which  is  enriched  In  tungsten,  Figure 
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32  b,  c and  d.  Other  elements  were  also  present  In  this  zone,  in  particular, 
cobalt,  aluminum,  and  sodium.  Sulfur  was  detected  throughout  the  scale  along 
with  sodium, and  sulfide  particles  were  present  in  the  alloy  just  beneath  the 
scale,  Figure  32b,  The  scale  away  from  the  tungsten  enriched  zone  contained 
relatively  uniform  distributions  of  cobalt  and  aluminum  with  discrete  layers 
of  tungsten  enrichment. 

The  features  observed  for  Co-25Al-12W  alloy  have  been  observed  for 
numerous  other  alloys  (nickel-,  cobalt  or  iron  base)  containing  tungsten, 
molybdenum  or  vanadium.  However,  the  mere  presence  of  these  elements  does 
not  mean  that  such  features  will  be  developed  during  hot  oorrosion  attack. 
Usually,  certain  minimum  concentrations  of  these  elements  are  required,  but 
the  exact  amount  necessary  for  the  attack  is  also  dependent  upon  other  elements 
in  the  alloy.  For  example,  during  isothermal  oxidation  with  Na^SO^,  1 2ff> 
tungsten  causes  alloy-induced  acidic  fluxing  of  Co-20Cr-12W  but  not  0o-250r-12W, 
Figure  33.  During  cyclic  testing,  however,  the  Co-25Cr-12W,  as  well  as  a 
nickel-base  alloy  containing  the  same  amount  of  ohromium  and  tungsten, 
undergo  alloy-induced  acidic  hot  oorrosion,  Figure  34. 

The  NagSO^-ind viced  hot  corrosion  of  a Nl-8Cr-6Al-8Mo  alloy  has  been 
studied  in  some  detail  beoause  these  are  the  concentrations  of  ohromium, 
aluminum  and  molybdenum  in  the  nickel-base  superalloy  B-1900,  an  alloy  that 
is  very  susceptible  to  hot  oorrosion  attack.  Weight  change  versus  time 
data  obtained  for  the  oxidation  of  Na^SO^  - ooated  specimens  of  Nl-0Cr-6Al- 
6M0  and  Ni-8Cr-6Al  are  compared  in  Figure  35.  A comparison  of  the  behaviors 
of  these  two  alloys  will  be  made  in  a subsequent  section  where  the  interaction 
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between  basic  and  acidic  fluxing  processes  will  be  considered.  At  this  point, 
it  is  sufficient  to  state  that  the  Ni-8Cr-6Al-6Mo  alloy  eventually  exhibits  alloy- 
induced  acidic  hot  corrosion  attack  and  the  microstructures  obtained  during  this 
attack  are  good  examples  to  illustrate  the  features  of  alloy-induced  hot 
corrosion.  The  scales  that  are  formed  on  this  alloy  are  thick  and  exhibit  a 
layered  texture,  Figure  36.  At  the  soale-alloy  interface,  a thin  eons  of 
sulfide  pnrtloles  is  evident  In  the  alloy  and  the  scale  immediately  adjacent 
to  the  alloy,  Figure  36b,  contains  Na,  S,  0,  Mo,  Nl,  Cr  and  Al,  Figure  360, 

It  appears  as  though  this  zone  may  be  a solution  of  NagSO^  and  NagMoO^  into 
which  AlgO^,  Cr90„  and  NiO  are  dissolved.  The  molybdenum  enrlohed  areas  of 
the  scale  are  restricted  to  a narrow  zone  about  a few  tenths  of  a millimeter 
thick  immediately  adjaaent  to  the  alloy.  Beyond  this  zone  the  soale  contains 
more  or  less  uniform  distributions  of  all  the  elements  in  the  alloy  with  the 
molybdenum  concentration  nubstantially  below  that  of  the  enrlohed  zone,  The 
layered  texture  of  the  scale,  Figure  36a,  apparently  did  not  arise  from  gross 
compositional  differences  but  rather  from  different  amounts  of  porosity  of 
the  scales. 

The  miorostruoturea  of  degraded  N1-25A1-12W  and  Ni-8Cr-6Al-6Mo  are  very 
similar.  Both  have  undergone  alloy-induced  aoidlo  hot  corrosion  which  consists 
of  the  following  important  steps.  Oxides  of  the  metals  tungsten,  molybdenum 
und  vanadium  dissolve  into  the  Nag80^  forming  tungstates,  molybdates  and 
vanadates  and  some  QO^  is  displaced  from  the  NagSO^,  The  addition  of  the 
refraatory  element  oxides  to  the  NagS0^  depends  on  the  oxidation  characteristics 
of  the  alloy.  For  some  alloys,  the  refractory  elements  are  oxidized  at  the 
very  beginning  of  the  oxidation  process,  whereas  for  others  selective  oxidation 
of  other  elements  results  in  longer  exposure  times  before  the  refractory 
element  oxides  are  available  to  react  with  the  NagBO^.  The  NagSO^  solutions 


gradually  become  enriched  In  the  oxides  of  these  metals  since  such  solutions 
probably  have  a high  solubility  for  the  oxides,  as  evidenced  by  the  large 


amount  of  WO,  that  can  dissolve  into  NSgWO^ 
at  750*C)^®',  It  appears  as  though  AlgOg, 


(greater  than  50  mole  percent 
0rg0j  and,  GoO  can  dissolve 


into  these  refractory  metal  oxide  enriched  melts  by  donating  oxide  ions  to 


the  melts.  The  reactions  that  may  take  place  are 


2A1  + 3W  + 60g  -»  AlgOg  + 3W03  - 2A13*  + 3W0^2" 

2Cr  + 3W  + 60g  -»  Cr203  + 3W03  - 2Cr3+  + BWO^2" 

Go  + W + 20g  -»  OoO  + W03  - Co2+  + WO^2" 

These  ions  diffuse  through  the  solution  (i.e.  the  sons  enriched  in  refractory 
metal,  Figures  32  and  36)  to  the  outer  zone  of  the  melt  where  the  reactions 
listed  above  proceed  in  reverse  direction  due  to  the  lower  activity  of  the 
refractory  metal  oxides  in  this  region  as  a result  of  the  loss  of  the 

and  CoO  are  dissolved  at  one  side  of  the  melt,  Figure  36b,  (alloy-melt 
interface)  and  repreaipitated  as  a nonprotective  scale  at  the  other  side 
(melt-porous  oxide).  In  addition,  the  malt  is  continually  enriohed  in  the 
refractory  metal  oxide,  however,  the  precipitation  process  does  result  in 
acme  of  the  melt  being  incorporated  into  the  outer,  porous  part  of  the 
aoale,  Figures  32a  and  d. 

The  most  Important  features  of  alloy-induced  aoidlo  fluxing  is  that  a 
zone  of  liquid  is  formed  immediately  above  the  alloy  due  to  the  accumulation 


refractory  metal  oxides  to  the  gas  phase.  Hence,  oxides  of  AlgOj,  Crg 


of  certain  refractory  metal  oxides  (e.g.  MoOj,  WOg,  VgOj)  in  the  NagSO^, 


and 


the 


oxides  normally  relied  upon  for  protection  against  attack  (e.g.  AlgCL, 


Cr203,  NiO,  CoO)  become  nonprotective  due  to  a solution-repreclpltatlon 

procaes.  This  attack  is  self-sustaining  because  a small  amount  of  salt 
appears  adequate  to  cause  the  development  of  the  refractory  metal  oxide 
zone.  It  is  important  to  emphasize,  however,  that  while  vary  small  amounts 
of  salt  cause  very  large  amounts  of  attack,  the  presence  of  the  salt  is 
necessary  for  the  attack  to  continue.  For  example,  the  alloy-induced  acidic 
hot  corrosion  stops  after  water  washing,  Figure  31.  When  data  is  presented 
to  show  the  processes  which  take  place  during  the  Initiation  of  alloy- 
induced  acidic  hot  corrosion,  it  will  be  shown  that  the  sulfate  ion  is 
removed  from  the  melt  rather  quickly  but  sodium  remains  during  the  attack. 

It  is  believed  that  the  sodium  permits  a liquid  phase  to  be  established 
at  activities  of  the  refractory  metal  oxides  less  than  unity. 

The  effects  produced  by  the  refractory  metal  oxides  in  NagSOj^  and 
the  resulting  solution  and  reprecipitation  of  oxides  can  be  rationalized 
to  some  extent  by  using  stability  diagrams.  Stability  diagrams  identifying 
the  regions  of  NagS0^  where  basic  or  acidic  fluxing  reactions  involving 
aluminum  may  occur  are  presented  in  Figure  37  for  two  temperatures.  The  30^ 
pressures  at  which  acidic  reactions  may  occur  are  greater  than  one  atmosphere 
at  the  higher  temperature.  Since  alloy-induced  acidic  fluxing  is  observed 
at  these  temperatures,  it  does  not  seem  reasonable  to  suppose  that  the 
refractory  metal  oxides  cause  such  attack  by  producing  high  30^  pressures. 

It  has  been  determined  that  when  AlgO^  is  exposed  to  NagSO^  in  air  at 
1000*0  no  reaction  can  be  detected  after  3 hrs,  of  exposure.  If,  however, 
MoOj  vapor  at  an  activity  of  about  0,1  is  added  to  the  gas  stream,  a 
significant  amount  of  reaction  occurs  between  the  melt  and  the  Alg0^2-^. 

It  therefore  appears  that  the  refractory  metal  oxides  cause  acidic  fluxing 
reactions  for  oxides  such  as  AlgO^  end  Cr2°3  become  favorable  at  lower 
30^  pressures,  8uch  a condition  is  Indicated  schematically  in  Figure  37b. 
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Gas  Phase-Induced  Acidic  Fluxing 

The  experimental  data  presented  in  Figure  12  show  the  importance  of  the  gas 
composition  to  the  hot  corrosion  attack  of  a CoCrAlY  coating  alloy.  Substantial 
attack  of  this  alloy  is  observed  at  rather  low  temperatures  (e.g,  ~ 700'C)  but 
the  rate  of  attack  is  decreased  abruptly  when  SO^  is  removed  from  the  gas, 

After  thousands  of  hours,  this  alloy  is  not  noticeably  attacked  using  NagSO^ 
in  air,  Figure  38a,  but  substantial  attack  is  observed  within  hours  when  So^ 
is  added  to  the  gas,  Figure  38b,  The  attack  of  this  alloy  requires  a NagSO., 
deposit  since  exposure  to  gases  containing  SO^  and  0g  without  N&gSO^  does  not 
produce  significant  degradation,  Figure  38c. 

Mlcrostructural  features  observed  via  optical  metallography  and  scanning 
electron  microscopy  can  be  used,  along  with  thermodynamic  considerations,  to 
develop  a model  by  which  30^  and  Na^SO^  cause  the  hot  oorroslon  attack  of  a 
CoCrAlY  alloy.  A zone  enriched  in  cobalt  is  usually  evident  at  the  oorroslon 
product-gas  interface,  Figure  39a,  X-ray  diffraction  analysis  of  this  zona 
of  the  corrosion  product  indicates  that  the  cobalt  is  present  as  an  oxide, 
but  it  is  not  unusual  to  also  detect  sodium-cobalt  sulfates  (e.g.  NagCo(SO^)g), 
Within  the  corrosion  product,  two  types  of  ghost  images  are  often  observed, 
Figure  40a  and  b.  These  images  are  most  clear  at  the  corrosion  product- 
alloy  interface,  Platinum  marker  experiments  indicate  that  the  corrosion 
product  is  formed  predominantly  via .inward  diffusion,  of  an  oxidant,  and 
outward  diffusion  of  cobalt,  The  ghost  Images,  whioh  are  apparent  due 
to  compositional  differences  in  the  corrosion  product,  become  more  diffuse 


as  diffuslonal  processes  lessen  these  compositional  gradients.  j 
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One  type  of  ghost  Image  is  parallel  to  the  corrosion  front  and  appeai*s  to 
define  the  position  of  the  corrosion  front  at  earlier  times  in  the  corrosion 
process,  Figure  40a,  Such  ghost  images,  which  can  be  called  corrosion  front 
ghosts,  appear  as  sequential  dark  and  light  zones  in  electron  backscatter 
images,  Figure  40a,  Microprobe  analyses  show  that  the  dark  zone  1b  enriched 
in  aluminum  and  light  zone  in  chromium,  Figure  40d.  Oxygen  is  present  in 
both  zones,  as  well  as  detectable  amounts  of  cobalt,  Bodium  and  Bulfur,  Figure  39. 
A larger  concentration  of  sulfur  was  always  detected  in  the  corrosion  product 
,just  adjacent  to  the  corrosion  front.  The  sodium  could  always  be  removed 
from  the  corrosion  product  by  using  water  in  the  met allograph ic  preparation 
of  specimens.  This  procedure  did  not  remove  the  sulfur  in  the  corrosion  pro- 
duct adjacent  to  the  corrosion  front,  but  often  caused  the  Bulfur  to  be  removed 
from  the  outer  part  of  the  corrosion  product. 

The  other  type  of  ghost  image  is  coincidental  with  the  position  of  the 
a -chromium  phase  of  the  CoCrAlY  alloy  prior  to  the  formation  of  corrosior 
product,  Figure  40b.  This  image  also  is  composed  of  dark  and  light  zones,  but 
the  proportion  of  the  light  zone  is  greater  than  the  dark  due  to  the  larger 
amount  of  chromium  in  the  crchromium  phase  which  it  replicated,  Figure  40c. 

At  temperatures  between  about  600°  to  7CO°C,  diffusion  zones  in  the 
alloy,  in  advance  of  the  corrosion  front,  signifying  the  preferential  removal 
of  certain  elements  from  the  alloy,  usually  are  not  evident,  Figure  40a  and  b. 

At  the  corrosion  front,  the  dark  zone  of  the  corrosion  product  is  adjacent 
to  the  alloy,  Figure  41,  and  it  undercuts  pieces  of  alloy  which  subsequently 
appear  to  be  converted  to  the  light  zone  material  in  the  corrosion  product, 

Ficcure  4l  (arrows). 
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As  the  temperature  is  increased, zones  in  the  alloy  depleted  of  aluminum 
and  chromium  are  more  readily  observed,  Figure  42.  Chromium  sulfide  parbicleB 
are  also  evident  within  these  zones  and  the  rate  of  attack  is  decreased, 

Figure  18. 

The  results  obtained  from  the  microstructural  examination  of  CoCrAlY 
specimens  that  were  degraded  via  gas -induced  hot  corrosion  at  temperatures 
between  600°-700#C  permit  the  following  remarks  to  be  made  about  this 
degradation  mechanisms 

e Na^SO^  is  distributed  throughout  the  corrosion 
product . 

e Cobalt  diffuses  through  the  corrosion  product  to 
the  gas  interface  where  oxides  and  sulfates  of  thiB 
element  are  formed. 

e Chromium  is  converted  to  oxide  close  to  the  corrosion 
front  and  little  diffusion  of  this  element  is  evident. 

e Aluminum  is  preferentially  removed  from  the  alloy  by 
the  hot  corrosion  process  and  it  appears  not  only  to 
be  associated  with  sulfur  and  oxygen  immediately 
adjacent  to  the  corrosion  front  but  also  seems  to  be 
present  aB  oxide  throughout  the  remainder  of  the 
corrosion  product. 

e Yttrium  is  difficult  to  detect  in  the  corrosion  product 
but  can  be  found  in  the  water  used  to  wash  tested 
specimens. 
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The  distribution  of  Na^SO^  uniformly  throughout  the  corrosion  product 
indicates  that  the  Na^SO^  was  liquid  at  the  temperature  where  the  hot 
corrosion  took  place.  Studies  of  Na^SO^  deposits  in  gases  containing  SO, 
and  oxygen  show  that  the  melting  point  of  Na^SO^  is  depressed  as  the  SO^ 
pressure  is  increased^0).  More  importantly,  however,  the  melting  point 
of  liquid  solutions  of  NagSO^  and  CoSO^  or  NISO^  can  be  substantially 
below  the  melting  point  of  NagSO^  (e.g.  the  melting  point  of  a NagSO^  - 
CoSO^  solution  containing  50  mole  # CoSO^  1b  about  600*C)^2®\  During 
the  hot  corrosion  of  CoCrAlY,  covered  with  Na^SO^,  in  a gas  containing 
SOg  and  oxygen  it  appears  that  liquid  solutions  of  NagSO^  - CoSO^  having 
melting  points  as  low  as  about  600*C  may  be  formed.  Even  though  AlgO^ 
scales  are  formed  on  CoCrAlY  alloys  during  oxidation,  some  cobalt  oxide 
will  be  formed  as  the  AlgO^  iB  taoaninS  continuous.  Visual  examination 
of  CoCrAlY  specimens  as  a function  of  time  shows  that  hot  corrosion 
attack  often  is  initiated  after  the  specimens  have  been  subjected  to  a 
number  of  test  cycles.  Cracking  of  the  Al^O^  scale  may  be  necessary 
before  sufficient  amounts  of  cobalt  oxide  are  formed  to  permit  the 
deposit  to  become  liquid.  As  a result  of  such  a condition,  gas-induced 
acidic,  fluxing  can  often  result  in  vary  localized  pit-type  attack, 

Figure  39a,  Such  degradation  microstructures  are  very  similar  to  pits 
developed  during  aqueous  corrosion  as  a result  of  local  cell  activity. 

In  the  case  of  gas-induced  acidic  attack  of  CoCrAlY  however,  the  localized 
attack  can  be  made  much  more  uniform  by  vapor  honing  the  specimen  surface 
prior  to  exposure  in  the  corrosion  test  to  remove  the  preformed  oxide  scale, 
Figure  39c.  When  the  preformed  oxide  is  removed,  cobalt  oxide  is  formed, 
more  or  less  uniformly,  over  the  surface  during  the  initial  stages  of  oxidation 
and  a liquid  Na2S0^-CoS0^  solution  covers  most  of  the  specimen  surface. 
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A schematic  model  to  describe  the  gas-induced  acidic  fluxing  of  a CoCjAlY 
alloy  Is  presented  In  Figure  43.  At  low  temperatures  the  salt  becomes  molten  as 
CoSO^  dissolves  Into  it,  Figure  43a.  Beneath  this  liquid  layer  the  alloy 
begins  to  react  with  components  in  the  liquid.  The  principal  reaction  is  one 
of  oxygen  removal  from  the  melt  since  the  most  favorable  reaotions  for  elements 
in  the  alloy  are  those  involving  oxide  formation.  It  has  been  determined  that 
SOg  is  much  more  mobile  in  Nag80^  than  oxygen w , Consequently,  it  is  reasonable 
to  propose  that  gradients  in  both  oxygen  and  80^  are  developed  across  the  liquid 
layer  with  80^  also  supplying  oxygen  to  react  with  the  elements  in  the  alloy, 
Figure  43b.  The  processes  by  which  the  80^  and  oxygen  diffuse  through  the 
liquid  layer  is  not  known,  but  it  would  seem  reasonable  that  the  80^' combines 
with  sulfate  ions  and  diffuses  as  pyrosulfate  ions  (Sg0^“)  whereas  oxygen 
may  be  dissolved  in  the  liquid  as  atoms. 

The  sequence  of  oorrosion  front  ghosts,  Figure  40a,  composed  of  alternating 
zones  enriched  in  aluminum  and  ahromlum  are  formed  by  the  selective  removal 
of  aluminum  frcm  the  alloy,  Figure  43b,  and  then  conversion  of  the  chromium 
to  oxide  in  situ,  Figure  43c.  Cobalt  is  not  present  as  a discrete  phase  at  the 
surface  of  the  alloy  since  the  oxygen  pressure  is  too  low.  It  dissolves  in 
the  liquid  and  diffuses  to  the  outer  zone  of  the  liquid  where  oxides  are  formed 
and  some  of  this  oxide  is  converted  to  sulfate  which  is  soluble  in  the  NOgSO^, 
Figure  43c.  Aluminum  removal  from  the  alloy  occurs  by  dissolution  in  the  liquid 
followed  by  repreolpitatlon  at  higher  oxygen  pressures  as  it  diffuses  away  from 
the  alloy  surface,  Figure  43c,  The  precipitated  Alg0^  forms  the  aluminum  rich 
zone  of  the  corrosion  product,  and  conversion  of  chromium, remaining  in  the 
aluminum  depleted  alloy, to  oxide  gives  rise  to  the  chromium  rich  zone,  Figure 
43d,  This  latter  zone  can  be  formed,  not  only  parallel  to  the  corroelon  front 
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due  to  preferential  removal  of  aluminum  from  the  alloy,  but  bIbo  as  extensions 
of  the  a -cobalt  phase  in  the  alloy,  Figure  43d. 

The  preferential  removal  of  aluminum  from  the  alloy  and  its  subsequent 
precipitation  as  AlgO^  is  believed  to  occur  because  of  sulfite  formation  at 
the  liquid-alloy  interface  where  the  oxygen  pressure  is  low  and  then  conversion 
of  the  sulfite  to  oxide  in  the  liquid  where  the  oxygen  pressure  is  higher, 
Figure  43d.  At  low  oxygen  pressures  the  oxidation  of  aluminum  1s  proposed 
to  be  accompanied  by  reduction  of  30^  rather  than  by  reduction  of  oxygen. 

The  existence  of  SO^2"  ions  seems  plausible  since,  at  low  oxygen  pressures, 
with  a supply  of  30^  from  the  gas,  the  SOg  pressure  should  be  relatively 
high.  Figure  37a,  whlah  indicates  that  such  conditions  are  conducive  for 
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sulfur  to  be  present  as  S . Indeed,  sulfite  ions  were  formed  in  the  cathode 

(32) 

compartment  when  melts  of  LigSO^  - KgSO^  were  electrolyzed  at  625®C  ' 

The  solubility  of  the  aluminum  sulfite  in  the  liquid  and  its  eventual  con- 
version to  oxide  haH  been  assumed  in  order  to  account  for  the  observed 
morphology  of  the  corrosion  product,  but  the  schematic  stability  diagram, 

Figure  43 e,  does  show  that  conversion  of  sulfite  to  oxide  is  to  be  expected 
as  the  oxygen  pressure  is  increased, 

Ab  temperature  is  increased  the  likelihood  of  acidic  fluxing  reactions 
involving  sulfite  becomes  less  since,  as  indicated  schematically  in  Figure 
43e,  higher  80^  pressures  are  required  to  form  sulfates  and  sulfiteB  as  the 
temperature  is  increased  and  lower  30^  pressures  exist  in  the  gas  due  to  a 
larger  proportion  of  SOg.  Hence,  as  temperature  is  increased  the  gas  phase- 
induced  acidic  component  of  the  degradation  becomes  less,  and  sulfide  phases 
are  formed  with  increased  frequency  In  the  alloy,  Figure  42a.  Eventually, 
oxidation  of  these  Bulfides  are  the  primary  means  of  hot  corrosion  degradation. 
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The  Rapp-Goto  model'  ' could  be  used  to  account  for  gas-induced  acidic 
fluxing  and  there  would  be  no  need  to  postulate  the  supposed  formation  of  a 
sulfite  region.  For  this  model  to  be  operative  the  solubility  of  AlgO^  should 
be  less  in  the  more  acidic  melts.  The  available  data^2^  for  the  solubility 
of  AlgO^  in  NagSO^  are  not  consistent  with  such  a proposal  but  the  data  are  not 
available  for  Na^SO^  melts  exposed  to  extremely  low  oxygen  pressures  (e.g. 

M 10“1(?  atms). 

In  concluding  the  discussion  of  fluxing  reactions  it  is  to  be  emphasised 
that  the  solution  - precipitation  feature  of  the  salt  fluxing  processes  results 
in  substantial  amounts  of  attack  being  produced  by  a small  amount  of  salt.  The 
conditions  that  lead  to  solution  of  the  oxidized  elements  followed  by  pre- 
cipitation of  nonprotective  reaction  produots  are  not  unusual  nor  unique.  They 
can  be  established  by:  the  production  of  oxide  ions  resulting  from  the  removal 
of  sulfur  from  NagS0^}  the  consumption  of  oxide  ions  due  to  the  addition  of  a 
component  with  an  affinity  for  oxide  ions  (e.g.  MoO^,  80^)  to  the  melt}  or  the 
development,  in  the  melt|  of  negative  gradients  for  the  solubilities  of  the 

oxides  that  are  normally  formed  on  the  surfaoes  of  alloys  in  the  absenoe  of  salt 
(24) 

deposits  . A similar  phenomenon  has  been  observed  for  the  oxidation  of 

(33) 

zinc  ' , As  a result  of  the  high  vapor  pressure  of  zinc,  its  oxidation  proceeds 

rapidly  when  the  oxide  is  formed  as  a smoke  or  fume  above  the  surface  of  the 
zinc.  Figure  44.  As  the  oxygen  pressure  is  increased,  the  fume  is  formed  closer 
and  closer  to  the  surface  of  the  metal  and  the  oxidation  rate  increases  since 
the  zinc  vapor  has  a shorter  distance  to  diffuse.  As  the  reaction  site  for  oxide 
reaches  the  metal  surface,  there  is  a very  substantial  deorease  in  the  oxidation 
rate  because  protective  oxide  is  formed  on  the  metal  surface  rather  than  a fume 
of  nonprotective  oxide  particles  above  it.  The  solution  and  precipitation  process 


in  salts  Is  very  similar  to  the  formation  of  ZnO  fume.  The  salt  will  be 
successful  in  causing  increased  attack  providing  it  can  cause  the  metallic 
elements  in  the  alloy  to  react  with  oxygen  above  the  alloy  surface  rather 
than  on  it.  There  are  a variety  of  processes  by  which  this  can  occur  and 
a few  have  been  described  above,  Zn  Figure  44  a general  model  is  presented 
whereby  an  ion  in  the  melt  allows  the  metallic  elements  to  be  oxidised  by 
accepting  electrons  and  oxide  is  precipitated  away  from  the  alloy  surface 
where  the  oxygen  pressure  is  higher. 

Interaction  Between  Baslo  and  Acidic  Fluxing  Processes 

The  previous  discussion  has  considered  baslo  and  acidic  fluxing  as 
independent  of  each  other.  Actually  these  processes  oan  affect  one  another, 

To  illustrate  this  interaction  the  hot  oorrosion  attack  of  two  nickel -base 
superalloys  will  bo  considered,  namely,  B-1900  (Ni-8Cr-6Al-6Mo-10Co-lTi-4.3Ta- 
0.11C-0.15B-0,07Zr)  an  alloy  extremely  susceptible  to  hot  corrosion  attaok, 
and  IN  738  (Ni-l£Cr-3.4Al-1.75Mo-S.6W-8.5Co-3.4Ti-1.75Ta-O.OiaC-o.Ol£B-0.12Zr- 
0.85Cb)  an  alloy  with  substantially  better  hot  corrosion  resistance.  The 
hot  corrosion  attack  of  these  two  alloys  in  air  under  Isothermal  conditions  la 
compared  in  Figure  45,  Both  alloys  can  be  seen  to  undergo  severe  attack  but 
It  takes  much  longer  to  initiate  this  attack  tor  331  738.  Analysis  of  IN  738 
specimens  alter  exposure  times  for  which  sovere  attaok  was  observed  indicated 
the  hot  oorrosion  propagation  mode  was  similar  to  that  of  B-1900.  In  particular, 
a zone  enriched  in  molybdenum  and  tungsten  oxides  was  detected  between  the 
alloy  and  the  nonproteotive  scale  which  caused  alloy-induced  acidic  attack  to 
occur. 
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To  describe  the  hot  corrosion  attack  of  B-1900,  results  already  presented 
for  Hi-8Cr-6Al  and  Ni-8Cr-6Al-6Mo  alloys  can  be  used.  Figure  35.  The  Ni-8Cr-6Al 
is  attacked  due  to  a basic  fluxing  process,,  Figure  27a,  which  eventually  stops 
when  the  Na^SO^  is  not  replenished,  Figure  27b.  The  propagation  mode  of  attack 
of  the  Nl-8Cr^Al^Mo  alloy  has  been  shown  to  proceed  due  to  alloy-induced 
acidic  fluxing,  Figure  36.  The  processes  which  take  place  prior  to  the  est- 
ablishment of  the  alloy-induced  aoidlc  degradation  of  the  Hi-8Cr«6Al-6Mo  will 
now  be  examined.  To  do  this  it  is  helpful  to  divide  the  degradation  process 
into  the  eight  steps  Identified  in  the  weight  change  versus  time  data  presented 
in  Figure  35.  For  each  of  these  steps  specimens  were  examined  met allographio ally 
and  the  water  obtained  by  heating  exposed  specimens  in  boiling  water  was 
analyzed.  The  results  obtained  from  these  chemical  analyses  are  presented  in 
Table  III. 

During  steps  1 and  2 virtually  all  of  the  Na^SO^  was  recovered  and  a small 
amount  of  chromium  and  molybdenum  had  dissolved  into  the  sulfate.  The  weight 
ahange  data,  Figure  35,  and  metallographic  results  showed  no  hot  oorroslon 
attack  had  occurred.  Such  results  were  in  contrast  to  the  results  obtained 
with  the  Ni-8Cr-6Al  alloy,  Figure  27a,  and  it  appears  that  the  molybdenum  has 
inhibited  the  onset  of  attack  via  the  basic  fluxing  mechanism. 

At  step  3 a significant  amount  of  the  sulfate  component  of  the  salt  has  been 
consumed  and  chromium,  aluminum  and  molybdenum  are  present  in  the  wash  water 
which  now  has  a substantially  higher  pH,  Table  III,  and  metallographic  examination 
shows  that  considerable  hot  corrosion  attack  has  ocourred,  Figure  46a.  A 
degradation  microstruoture  very  similar  to  that  obtained  with  the  Ni-0Cr-6Al 
alloy,  Figure  27a,  was  obtained  and  mioroprobe  analysis  showed  that  the  corrosion 
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product  was  composed  of  partially  sulfided  nickel  particles  surrounded  by  a 
NagSC_  melt  containing  aluminum,  chromium  and  molybdenum,  Figure  46b.  Such 
results  show  that  the  N'i-8Cr-6Al-6Mo  is  being  degraded  by  the  same  mechanism 
as  the  Ni-8Cr-6Al  alloy,  namely,  basic  fluxing. 

At  step  4 the  weight  change  versus  time  data  exhibit  a substantial 
decrease  in  rate,  Figure  35.  The  most  significant  results  obtained  from  the 
wash  water  analyses  were  that  the  amount  of  soluble  aluminum  decreased  and  the 
pH  became  significantly  more  acidic,  Table  III.  Typical  mlorostruotures  for 
this  step  contained  chromium  sulfide  particles  in  the  alloy  and  an  oxide  scale 
which  was  permeated  with  NagflO^  arid  contained  oxides  of  all  the  elements  in 
the  alloy,  Figure  46c,  Microprobe  analyses  of  such  sections  showed  that  in 
the  scale  immediately  adjacent  to  the  alloy  localized  areas  of  molybdenum  en- 
richment were  present.  These  results  show  that  during  step  4 the  oxides  formed 
during  step  3 are  reacting  with  Nagso4  and  making  it  aoidio.  Since  MoO^  has 
a greater  affinity  for  oxide  ions  than  AlgO^,  it  converts  the  A10g"  - ions  to 
AlgOy  hence  the  amount  of  water  soluble  aluminum  is  decreased. 

In  steps  5,  6,  7 and  6 the  rate  of  attack  gradually  increases.  The  pH 
of  the  wash  water  gradually  becomes  more  anidio  and  the  amount  of  soluble 
molybdenum  and  nickel  increases  whereas  the  chromium  and  sulfate  concentration 
gradually  decrease  and  the  aluminum  remains  at  vary  low  values,  Table  III, 
Metallographlc  examination  reveals  structures  similar  to  Figure  46c  but  the 
localized  molybdenum  enrichment  becomes  increasingly  larger  and  more  prevalent, 
Figure  46d.  During  steps  5,  6,  7,  8 there  is  a gradual  enrichment  of  MoO^ 
in  the  NagSO^  and  the  attack  rate  increases  as  more  of  the  surface  is  covered 
with  the  MoOg  - NagMoO^  - NagBO)+  solution  which  causes  degradation  via  the 
acidic  fluxing  process  described  previously. 


The  results  obtained  with  the  Ni-8Cr-6Al-6Mo  are  essentially  the  same 

(I?) 

as  those  obtained  by  Fryburg  et  al  . These  authors,  as  well  as  Goebel 

(7) 

et  al'1  proposed  that  the  attack  of  the  B-1900  alloy  took  place  by  acidic 
fluxing  whereas  Bomsteln  and  DeCrescerrte  favored  basic  fluxing  The 
results  obtained  In  the  present  study  lndloate  that  the  initial  stages  of 
degradation  of  B-1900  take  place  because  of  basic  fluxing  but  the  propagation 
mode  changes  to  acidic  fluxing  as  the  activity  of  MoO^  in  the  salt  (l.e. 
NagMoO^  - NOgSO^)  is  increased  to  appropriate  levels.  1^  is  apparent  that 
substantial  attack  oocurs  at  activities  of  MoO^  in  the  NagSO^  significantly 
lower  than  unity  (e.g,  0,1) ^), 

The  results  obtained  with  IN  738  show  that  hot  oorroslon  degradation  of 
this  alloy  oan  ooour  beoause  of  alloy-induced  acidic  fluxing.  It  is  apparent 
however,  that  much  longer  ,imea  are  required  to  induce  this  attack  in  IN  738 
than  in  B-1900,  Figure  45.  In  the  case  of  B-1900,  it  was  found  that  the  Ni- 
8Cr~6Al  composition  wan  very  susceptible  to  basic  fluxing,  Figures  1 and  26. 

On  the  other  hand,  the  Ni-l£Cr-3.4Al  composition  is  much  more  resistant  to 
basic  fluxing,  Figure  47.  Henoe,  IN  738  is  more  resistant  to  the  onset  of 
alloy-induced  acidio  fluxing  than  B-1900  because  the  chromium  and  aluminum 
concentrations  of  the  IN  738  are  resistant  to  basic  fluxing  degradation,  which 
is  a precursor  to  acidic  fluxing  in  both  B-I900  and  IN  738.  Another  factor 
favoring  the  longer  times  for  hot  corrosion  attack  via  the  aaldlc  propagation 
mode  would  be  the  lower  oonoentration  of  refractory  metals  in  the  IN  738  00m- 


Since  IN  738  was  observed  to  eventually  undergo  hot  corrosion  via  alloy- 
induced  acidic  degradation,  it  would  be  expected  that  a Ni-l6Cr-3.4Al-l.75Mo- 
2.6W  alloy  would  exhibit  similar  behavior.  Weight  change  versus  time  data  ob- 
tained for  Ni-l6Cr-3.4Al-l.75Mo-2.6W  using  conditions  that  produce  hot  corrosion 
attack  of  IN  738  are  presented  in  Figure  47.  No  severe  attack  took  place. 

When  about  0.1$  carbon  was  added  to  Nl-l6Cr-3.4Al-l.75Mo-2.6W,  substantial 
hot  corrosion  attack  of  this  alloy  was  observed,  Figure  47.  It  appears  that 
oarbon  causes  the  effeotlva  chromium  concentration  of  the  alloy  to  be  lowered 
via  the  formation  of  chromium  carbide,  since  an  addition  of  0,1$  carbon  to 
Ni-l6Cr-3.4Al  also  oaused  this  alloy  to  become  more  susceptible  to  hot  oorrosion 
attack.  Hence,  basic  fluxing  attaak  of  Nl-l6Cr-3.4Al-l.75Mo-2.6W  can  be 
initiated  more  quickly  when  carbon  is  present  in  this  alloy  and  therefore  oxides 
of  molybdenum  and  tungsten  beoame  available  sooner  to  initiate  the  acidic 
fluxing  process.  In  order  to  oompare  the  effect  of  chromium  and  oarbon  on  the 
hot  corrosion  resistance  of  IN  738  - type  of  alloys,  specimens  with  a low 
ahromium  concentration  but  no  oarbon  and  a high  ohromium  concentration  with 
oarbon  ware  tested.  It  was  observed  that  the  alloy  with  low  chromium  and  no 
oarbon  was  attacked,  whereas  the  alloy  with  high  ohromium  and  carbon  was  not, 
Figure  48.  As  proposed  by  Meier  ot  al^*1^,  the  attack  of  carbide  phases  in 
IN  738  can  also,  by  itself,  be  a means  of  adding  molybdenum  or  tungsten  to  the 
salt  melt,  sinoe  the  oarbide  phases  contain  molybdenum  and  tungsten. 

Preferential  attack  of  oarbide  phases  during  the  hot  corrosion  of  alloys  has 
(7) 

been  observed'1. 
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A great  variety  of  different  fluxing  effects  can  be  observed  when  hot 
corrosion  attack  induced  by  different  salts  (e.g.  NagCCy  NaNCy  etc.)  is 
examined.  This  paper  is  concerned  with  NagSO^  end  NagSO^  containing  NaCl. 

Since  molybdenum  in  alloys  has  been  observed  to  react  with  NagSQ^  to  produce 
NagMoO^,  it  is  of  value  to  compare  results  obtained  by  oxidising  alloys  coated 
with  deposits  of  NagSO^  and  NagMoO^.  fluoh  results  obtained  with  the  Ni-8Cr-6Al 
alloy  are  presented  In  Figure  49  which  indicates  that  more  severe  attack  of 
the  alloy  took  place  with  NagS0  than  NagMoO^.  A substantial  difference  between 
the  vaporization  of  these  deposits  from  the  specimens  was  not  observed.  It  1s 
believed  that  the  different  amounts  of  hot  corrosion  are  due  to  the  fact  that 
a substantial  amount  of  oxide  ions  are  produced  as  a result  of  sulfide  formation 
in  the  case  of  NagSO^  and  these  oxide  ions  cause  hot  oorroslon  attaok.  In  the 
NagMoO^  there  is  not  an  equivalent  means  to  produce  oxide  ions  (oxide  ions  oan  be 
produced  in  both  Na^SO^  and  NagMoO^  via  evaluation  of  80^,  S0g  or  MoO^)  beoause 
the  Ni-8Cr-6Al  alloy  does  not  react  with  the  molybdenum  in  NagMoO^  as  It  does 
with  the  sulfur  in  the  NagS0^,  Henoe,  the  attack  induced  initially  by  NagMoO^ 
probably  prooeeds  by  some  mechanism  suoh  as  that  described  in  Figure  44,  where 

the  Ionic  speales  responsible  for  the  transport  of  metal  away  from  the  alloy 
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surface  can  be  postulated  to  be  MoO^  and  MoO^'  , 

When  experiments  to  oompare  the  hot  corrosion  attaok  Induced  by  NagSO^ 
and  NagMoO^  were  performed  using  Ni-8Cr-6Al-6Mo,  alloy-induced  aoidlc  fluxing 
was  observed  sooner  in  the  case  of  NagSO^  than  NagMoO^,  Figure  50.  Alloy- 
induced,  acidic  fluxing  hot  corrosion  attaok  of  this  alloy  Is  caused  by 
the  accumulation  of  MoO^  in  the  salt  deposit.  It  may,  therefore,  seem  Inconsistent 
that  the  attack  is  observed  sooner  with  NagS0^  than  NagMoO^  deposits.  Molybdenum 
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must  bo  supplied  by  the  alloy,  however,  in  the  case  of  both  deposits.  Sodium 


I 


sulfate  oauses  more  of  the  alloy  to  be  attacked  initially  than  NagMoO^  and 
more  molybdenum  oxide  is  developed  initially  in  the  case  of  the  NagSO^  deposit. 
After  longer  times,  enough  molybdenum  is  introduced  into  the  NagMoO^  to  produce 
attack  via  the  same  propagation  mode  and  the  hot  corrosion  rates  are  similar, 

Fljpire  5°. 

Summary  of  Fluxing  Processes 

The  various  reactions  by  which  hot  corrosion  via  salt  fluxing  can  oocur 
are  summarized  in  Table  IV.  In  this  table,  category  A covers  the  basic  processes 
that  oocur  due  to  the  production  of  oxide  ions  in  the  N*gl30^,  as  a result 
of  removal  of  oxygen  and  sulfur  from  the  NagS0^  by  the  alloy,  The  hot  corrosion 
attack  may  occur  because  of  the  solution  of  oxide  in  the  Nag80^,  A(l),  or 
solution  and  precipitation  A (2).  In  both  cases,  the  attack  is  not  self- 
sustaining,  but  rather  is  controlled  by  the  amount  of  NagS0^  unless  the 
«“  PM.,  contain.  B0y  c„t.g=«y  B oov.r.  th.  B.pp-0oto  motal'  >,  r».  hot 
corrosion  attack  does  not  require  sulfur  removal  from  the  melt,  but  occurs 
beoause  of  a negative  solubility  gradient  of  the  corrosion  product  in  N&gSO^. 

Categories  C,  D,  E and  F cover  acidic  processes.  C and  D involve  solution 
and  precipitation  processes  where  the  acidic  component  comes  from  the  gas  phase. 
Category  F is  for  the  same  type  of  processes  but  the  acidic  component  comes 
from  the  alloy,  Category  E covers  the  Rapp-Got o concept  for  acidic  melts. 

In  this  table,  localized  cell  activity  has  not  been  considered.  Coupling 
between  the  various  ohargad  particles  during  diffusion  is  supposed  to  occur  in  such 
a manner  that  electrical  neutrality  is  maintained.  It  is  possible,  however, 
that  the  anodic  and  cathodic  reactions  may  take  plaoe  at  different  sites  re- 


suiting  In  development  of  potential  differences.  This  condition  possibly 
results  in  growth  of  pits  similar  to  those  observed  in  aqueous  corrosion w. 
However,  in  those  cases  where  hot  corrosion  attack  is  localized  as  pits,  the 
portions  of  the  surface  which  have  not  undergone  hot  corrosion  attack  are  still 
covered  with  protective  oxide  scales.  Cathodic  reactions  closely  similar  to 
those  of  aqueous  reactions  therefore  do  not  seem  possible. 

Salt  Component-Induced  Hot  Corrosion 

As  a result  of  salt  deposition,  elements  from  the  salt  can  be  Introduced 
into  the  corrosion  product  or  the  surface  regions  of  alloys  and  eventually 
affect  their  oxidation  behavior,  A great  variety  of  elements  could  produce 
such  an  effect  depending  on  the  deposit'  composition.  In  the  case  of  NagS0^ 

i 

and  NaCl  deposits,  the  significant  elements  are  sulfur  and  chlorine.  Another 
element  that  can  also  be  important  is  carbon  sinae  the  environments  that  cause 
hot  corrosion  attack  usually  result  from  the  combustion  of  some  type  of  fuel, 

I Carbon  may  be  formed  therefore,  on  hardware  during  some  phase  of  the  combustion 

process.  In  the  following,  the  effects  produced  by  each  of  the  elements  will 
be  considered, 

; Sulfur-Induced  Hot  Corrosion 

The  oxygen  pressure  in  NagS0^  deposits  at  the  alloy -NagS0^  or  oxlde- 
i ■ Nft2S04  lnt*rfei0®B  can  very  low,  Figure  24a,  For  example,  the  miorostruoturas 

) 1 shown  in  Figures  26c  and  46b  show  that  the  oxygen  pressure  in  the  Na  SO.  at 

1 1 8 

the  alloy  interface  is  below  that  required  to  oxidize  nickel.  For  such  low 

j oxygen  pressures  in  NagSO^  the  sulfur  pressure  is  usually  high  enough  to  form 

sulfides  of  aluminum  and  chromium,  and  in  some  cases  even  sulfides  /of  cobalt, 

| : nickel  and  iron  unless  the  80^  pressure  is  very  low,  Figure  25,  The  accumulation 
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of  these  sulfides  in  the  alloy  can  result  in  substantial  degradation  during 
subsequent  oxidation.  For  example,  in  Figure  51,  weight  change  versus  time  data 
obtained  for  a Na^SO^-coated  specimen  is  compared  to  that  of  a presulfldized 
specimen  where  the  amount  of  sulfur  added  to  the  alloy  was  controlled  to  equal 
the  amount  of  sulfur  in  each  application  of  the  Na^SO^,  The  degradation  of 
the  presulfldized  specimen  is  about  the  same  as  that  for  the  Na^SO^  - coated 
specimen  and  both  are  degraded  substantially  more  than  the  specimen  with  no 
sulfldizing  pretreatment  nor  Na^SO^  application.  This  shows  that  the  primary 
mode  of  hot  corrosion  degradation  for  Na^SO^  - coated  specimens  of  Nl-25Cr-6Al 
exposed  at  1000°C  in  air  is  sulfur- Induced  degradation. 

Some  alloys,  are  much  more  susceptible  to  sulfur-induced  hot  corrosion 
degradation  than  others.  For  example,  the  Co-25Cr-6Al  alloy  1b  much  more 
resistant  to  this  type  of  attach  than  Nl-25Cr-£Al,  Figure  52,  The  greater 
susceptibility  of  the  nickel-base  alloys  to  sulfur- induced  attack  is  generally 
observed  only  when  aluminum  is  present  in  the  alloys.  Figure  53*  It  appears 
that  nickel  base  alloys  with  aluminum  contents  between  6 to  12  weight  percent, 
are  relatively  resistant  to  this  attack  and  that  degradation 
takes  place  after  the  aluminum  has  been  reduced  by  oxide  spallation  in  a 
cyclic  test,  Figure  3. 

Sulfur-induced  hot  corrosion  causes  accelerated  oxidation  as  a result  of  the 
formation  of  less  protective  oxide  scales.  Such  Beales  are  formed  due  to  the 
presence  of  sulfides  in  the  alloys.  Sulfur-induced  accelerated  oxidation  is 

also  observed  during  the  oxidation  of  alloys  in  SOg-Og  or  HgS-HgO-Hg  gas  mlx- 

(25,36) 

tures  , where  the  sulfide  formation  occurs,  due  to  sulfur  in  the  gas  rather 
than  from  the  sulfur  in  the  NagSO^,  Sulfide  formation  in  alloys,  as  a result 


of  sulfur  in  the  gas  or  in  deposits  on  the  surfaces  of  alloys,  can  cause  the 
formation  of  naiprotective  oxide  barriers  on  alloys  by  at  least  three  different 
mechanisms.  In  one  mechanism  the  oxidation  of  aluminum  and  chromium  dissolved 
in  nickel  or  cobalt  sulfide  results  in  the  formation  of  discontinuous  particles 
of  AlgOg  or  CTgO^  rather  than  continuous,  protective  layers,  Figure  54a  and  b. 
Another  mechanism  involves  the  formation  of  nonprotect ive  oxides  during  the 
conversion  of  certain  sulfides  to  oxides,  Figure  54c  and  d.  The  smaller  volume 
of  the  oxide  compared  to  the  sulfide  may  cause  the  oxide-  to  be  subjected  to 
tensile  stresses.  The  third  mechanism  by  which  nonprotective  oxides  are 
formed  involves  effects  produced  by  internal  sulfides  on  the  selective  oxidation 
process.  When  sulfur  diffuses  into  the  surfaces  of  alloyB,  it  usually  reacts 
with  the  same  elements  that  are  diffusing  to  the  surfaces  of  alloys  to  combine 
with  oxygen  to  form  continuous  oxide  barriers.  The  formation  of  such  sulfides 
appears  to  cause  the  flux  of  the  elements  being  selectively  oxidized  to  be  de- 
creased. This  condition  develops  even  though  the  sulfide  particles  usually 
dissolve  and  release  the  metal  to  react  with  oxygen.  The  metal  in  solution  in 
the  alloy  is  apparently  more  suitable  for  selective  oxidation  than  a dispersion 
of  metal  sulfides  in  the  alloy.  At  any  rate,  the  decrease  in  the  flux  of  such 
elements  to  the  surfaces  of  alloys  can  result  in  the  formation  of  oxide  scales 
which  are  less  protective  than  those  that  would  have  formed  in  the  absence  of 
the  sulfide  precipitates. 

Chloride-Induced  Hot  Corrosion 

(14) 

There  is  a substantial  amount  of  data  available'  ' which  show  that 
extremely  small  concentrations  of  NaCI  (e.g.  ~ 3-5  PPi)  in  deposits  on  the 
surfaces  of  alloys  or  in  the  gas  phase  cause  the  oxide  scales  to  spall  more 


-51- 


profusely  when  subjected  to  growth -induced  and  thermally- induced  stresses. 

The  meohanlam  by  which  the  scale  adhesion  is  decreased  is  not  understood. 

It  has  been  found  that  chloride  ions  tend  to  concentrate  at  the  oxide-alloy 
interface  ^ \ 

While  the  adverse  effect  produced  by  NaCl  or  chloride  ion  on  oxide 
scale  adhesion  is  a very  significant  factor  in  many  instances  of  hot  corrosion 
attack,  somewhat  larger  concentrations  of  chloride  (e.g.  — 1 weight  percent  and 
above)  can  Influence  hot  corrosion  attack  by  still  another  process.  In 
Figure  14,  the  hot  corrosion  attack  of  a CoCrAlY-ooating  at  9°0*c  in  air  with 
deposits  of  NagS0^,  NagS0^-9#  NaCl  and  NagS0^»9C#  NaCl  is  compared.  It  is 
apparent  that  the  severity  of  the  attack  increases  as  the  amount  of  NaCl  in  the 
deposit  is  increased. 

It  has  been  observed  that  rather  unique  mlcrostruotural  features  are 
developed  when  chloride  ion  is  present  at  concentrations  sufficient  to  in- 
fluence hot  corrosion  by  a mechanism  other  than  by  decreasing  oxide  scale 
adhesion.  As  shown  in  Figure  55>  the  corrosion  product  contains  a zone  of 
particulates  end  voids  in  advance  of  the  external  scale.  Microprobe  analyses 
have  shown  that  the  zone  immediately  beneath  the  external  scale  appears  to  be 
predominantly  AlgOj  particles,  Figure  55b  and  c.  Aluminum  but  not  oxygen  was 
detected  in  the  zone  immediately  adjacent  to  the  unaffected  alloy,  Figure  559 
and  f.  Chlorine  was  also  detected  in  these  more  interior  regions  of  the  zone 
of  internal  attack.  All  of  the  aluminum  had  been  removed  from  the  alloy  in 
the  zone  of  interned  attack  and  a steep  gradient  in  chromium  was  detected 
between  the  unaffected  alloy  and  the  external  scale.  The  inner  part  of  the 
external  scale  contained  oxides  of  aluminum  and  chromium  and  the  outer  part 


was  more  rich  in  cobalt;  A detailed  examination  of  the  zones  of  internal 
attack.  Figure  56a,  showed  that  pores  extended  through  these  zones.  Figure 
^6b  and  c,  These  pores  often  could  be  associated  with  the  g-CcAl  phase 
in  the  CoCrAlY,  Figure  56d,  but  they  did  not  have  the  exact  shape  of  this 
phase. 

Nickel  and  cobalt  alloys  containing  chromium  but  no  aluminum  are  also 
more  severely  attacked  by  Na^SO^-NsCl  mixtures  than  pure  Na^SO^.  Data 
is  presented  in  Figure  57  to  show  the'  effect  of  NaCI  in  Na^SO^  for  the 
ayclic  hot  corrosion  of  Ni-25Cr-6Al  and  Ni-30Cr  specimens.  The  exact 
degradation  microstructure  that  is  developed  depends  upon  the  alloy  composition 
and  the  amount  of  NeCl  in  the  NagSO^.  The  end  result,  however;  appears  to 
be  generally  the  same;  namely,  when  ohlorlde  is  present  in  the  deposit  the 
oxidation  of  the  elements  that  usually  result  in  continuous  and  protective 
oxide  barriers  occurs  in  such  a manner  that  these  oxides  ars  formed  as  dis- 
continuous particles,  Figure  58. 

The  mechanism  by  which  chloride  causes  more  rapid  consumption  of  the 
elements  (l.e,  Al  and  Cr)  that  usually  confer  oxidation  resistance  in  alloy* 
appears  to  involve  the  formation  of  chloride  phases.  In  view  of  the  greater 
stability  of  oxides  and  sulfides  compared  to  chlorides,  the  salt  must  become 
deficient  in  oxygen  and  sulfur  before  chloride  phases  may  be  expected.  Hence, 
the  following  sequence  of  reactions  can  be  hypothesized. 

f02’  p32'  %aCl 

(1)  (K^-KsOl)^  + <A1-0l'W  - AV>3  + Cr2°3  + ™ * 

I I * 

p0  ' % * PNaCl 

iw%, 

„h.r«  p^  < s0 s,  P^  < p^,  i^i  » 


(2)  NeCl  + 2A1  (alloy)  + Og  - NaAlOg  + A1C1 


(3)  2A1C1  + | 02  - AlgOj  + Clg 

(4)  Cl2  + 2Al( alloy)  - 2A1C1 

Equation  (l)  and  Figure  59a  show  that  the  melt  adjacent  to  the  alloy  oen  be^jme 
enriched  In  NaCl  due  to  oxide  and  sulfide  formation.  In  localized  areas,  the 
NaCl  component  of  the  NagSO^  - NaCl  melt  may  then  begin  to  reaot  with  certain 
components  In  the  alloy  aa  proposed  by  Equation  (2).  This  reaction  takes 
place  first  with  elements  for  which  the  thermodynamic  conditions  are  most 
favorable.  For  example,  reaction  with  aluminum  Is  observed  before  chromium 
but  chromium  does  react  when  the  aluminum  concentration  has  been  reduced.  As 
the  metallic  chloride  moves  outward  through  the  melt,  oxygen  pressures  are 
encountered  for  which  the  metallic  chloride  Is  converted  to  a metallic  oxide, 
Equation  (3)  and  Figure  59b,  and  the  chlorine  Is  recycled  to  reaot  with 
elements  In  the  alloy,  Equation  (4),  Continuation  of  this  process,  results 
In  the  development  of  pores  that  are  ooated  with  discontinuous,  nonprotectlve 
oxide  particles,  Figure  59c.  The  pores  have  been  observed  to  grow  extremely 
rapid  at  temperatures  as  low  as  650eC,  Strikingly  similar  structures  have  been 

/ Q Li  \ 

observed  at  much  lower  temperatures  as  a result  of  aqueous  corrosion' 

In  those  caseB,  pore  growth  via  the  preferential  removal  of  an  element  Is 
accounted  for  by  surface  diffusion  of  those  elements  not  reacting  with 
the  liquid,  or  by  their  solution  into  the  liquid  followed  by  subsequent 
precipitation  on  the  sides  of  the  pore  as  indicated  In  Figure  594*  Such 
effects  would  account  for  the  development  of  pores  associated  with  phases 
rich  in  aluminum,  or  chromium,  but  not  having  their  exact  shapes.  As  the 


process  of  pore  development  continues  chloride  is  gradually  lost  to  the  gas 
phase.  The  time  at  which  the  chloride  concentration  becomes  Insufficient 
to  react  with  the  alloy  depends  on  temperature,  salt  composition,  gas 
composition  and  alloy  composition.  When  such  a condition  la  reached  the 
Innermost  portions  of  the  pores  begin  to  react  with  sulfur  and  the  degradation 
process  proceeds  via  NagSO^  - induced  hot  corrosion,  Figure  59e.  The 
presence  of  chloride,  however,  has  caused  the  alloy  to  become  depleted  of 
aluminum  and/or  chromium,  and  the  surface  area  of  the  alloy  available  for 
reaction  with  the  NagS0^  has  been  Increased  due  to  the  foxmation  of  pore*. 

Effects  During  Hot  Corrosion 


In  processes  Involving  combustion,  it  is  not  unccamon  to  have  carbon 
deposited  on  materials.  Moreover,  hardware  can  become  covered  with  unburned 
fuel  and  subsequent  combustion  will  result  in  very  low  oxygen  pressures  over 
the  alloy  in  the  vicinity  of  the  excess  fuel.  The  reduoed  oxygen  preseure 
due  to  the  presenoe  of  carbon  or  excess  fuel  causes  metals  and  alloys  to 
become  more  susceptible  to  effeots  produced  by  other  components  In  the 
environment  (e.g.  sulfur,  carbon,  nitrogen).  This  condition  Is  aspeoially 
obvious  whan  salt  is  also  present  on  the  alloy  surface.  For  example, 
specimens  of  Ni-l6Cr-3.4Al  were  not  substantially  degraded  after  8 hours 
exposure  at  1000*C  in  air  when  coated  with  Na^SO^,  Figure  60a,  or  lmmersad 
In  an  a^lgO^  crucible  filled  with  carbon,  Figure  60b.  However,  the  aulfur 
from  the  NagS0^  and  the  carbon  did  oauae  a more  pronounced  transient  period 
of  initial  oxidation  since  an  extremely  thin  scale  is  usually  formed  on 
this  alloy  during  exposure  to  air  at  1000*C  without  NagSO^  or  carbon.  The 
attack  of  this  alloy  Is  substantially  Increased  whenever  NagSO^  - coated 
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specimens  are  immersed  in  a-AlgO^  crucibles  containing  carbon  or  liquid  fuel, 
Figure  60c  and  d.  Similar  effects  will  be  observed  for  virtually  all  alloys 
but  the  magnitude  of  the  effect  and  the  dominant  microstructural  features 
depend  upon  the  particular  alloy's  composition,  the  composition  of  the  salt, 
temperature  and  the  types  of  environment  developed  over  the  alloy  surfaoe 
by  the  burning  carbon  or  fuel  where  this  latter  parameter  changes  with  time. 

The  influence  of  carbon  on  the  NagSO^  - induced  hob  oorrosion  of  alloys 

(39) 

has  been  studied  previously'  . It  is  rather  apparent  that  an  excess  of 
oarbon  or  unburned  fuel  causes  the  oxygen  pressure  over  the  alloy  to  be  sub- 
stantially reduoed  and  elements  in  the  alloy  therefore  reaot  with  the  sulfur 
in  the  NagSO^.  Since  sulfur  is  removed  from  the  Na^SO^,  oxide  ions  are  pro- 
duced, Hence,  the  mechanisms  of  hot  oorrosion  attack  which  are  influenced 
by  the  reducing  conditions  are  the  basic  fluxing  and  sulfur-lnduaed  pro- 
pagation modes,  An  example  is  presented  in  Figure  61  to  show  that  reducing 
conditions  resulted  in  the  hot  corrosion  attack  of  a CoCnAlY  coating  alloy 
via  a sulfur-induced  propagation  mode.  This  coating  is  not  significantly 
attaoked  by  Na^SO^  in  air,  Figure  38a,  but  substantial  attack  is  observed 
by  periodically  exposing  NagSO^  - coated  specimens  to  excess  fuel,  Figure  6la. 
Examination  of  such  specimens  shows  that  the  attack  occurs  by  the  formation  of 
sulfides  in  the  coating,'  Figure  61b,  which  are  subsequently  oxidised  as  the 
oxygen  increases  after  combustion  of  the  fuel,  Figure  6lc.  Depending  upon  the 
combustion  cycle,  the  sequence  of  sulfldizlng-oxldlElng  conditions  can  be 

* The  excess  fuel  test  consisted  of  adding  5 ml  of  diesel  fuel  to  a platinum 
or  an  alumina  crucible  and  suspending  the  Na^SO^  - coated  specimen  at  the  top 
of  this  crucible.  The  crucible  was  then  placed  in  a box  furnace  at  1300*0  for 
30  sec.  to  1 min,  After  this  exposure  the  crucible  was  placed  in  a box  furnace 
at  700*C  for  about  10  hrs.  This  procedure,  which  constituted  one  cyale,  was 
repeated  until  attack  of  the  specimen  was  evident  by  visual  examination. 


\ 


L 

i 


L 

l 

H 

1 

1 

I 


-56- 


wtVliox  I- J-, , vt » lit1  v'-IW.II  (I 


i 


rapid  enough  that  little  evidence  of  the  oxidized  sulfide  particles  is 
apparent,  Figure  6ld.  In  fact,  it  is  probably  best  not  to  assume  that  such 
attack,  Figure  6ld,  is  indeed  caused  by  sequential  sulfidation-oxidation. 

While  sequential  variations  in  the  oxygen  pressure  of  the  gas  (l.e. 
reducing  - oxidizing  cycles)  favors  hot  corrosion  attack  via  basic  fluxing 
and  sulfur-induced  propagation  modes,  such  conditions  can  also  influence 
hot  corrosion  attack  via  other  propagation  modes.  The  ST  738  alloy, when 
ooated  with  NagSO,  and  exposed  to  air  at  1000*C,  eventually  undergoes  very 
severe  attack  via  the  alloy-induced  acidic  fluxing  propagation  node  but  long 
exposure  times  are  necessary  before  this  attack  occurs,  Figure  45.  When  this 
alloy  is  ooated  with  NagSO^  and  heated  at  1000*C  very  little  attack  is 
evident  after  1 hr. , Figure  62a.  Exposure  to  an  excess  of  burning  fuel  at 
the  same  temperature  but  with  no  NagS0^  also  does  not  cause  substantial  attack, 
Figure  62b,  When  NagSO^  - coated  specimens  are  exposed  to  exoess  burning 
fuel,  the  features  typical  of  acidic  fluxing  degradation  are  observed  after 
exposure  times  as  short  as  one  hour,  Figure  6lo.  The  reducing  conditions 
probably  cause  the  attack  to  bo  initiated  via  the  basic  fluxing  and  sulfur- 
induced  degradation  modes.  The  attack  then  causes  the  molybdenum  and  tungsten 
in  this  alloy  to  be  concentrated  in  the  salt  at  the  alloy-scale  interface  and 
attack  by  alloy-induced  acidic  fluxing  becomes  dominating. 

Iiot  corrosion  attack  induced  by  chlorides,  as  described  in  Figure  59>ls 
especially  effective  whan  the  oxygen  pressure  at  the  salt-alloy  Interface  is 
low.  Such  attack  is  therefore  greatly  enhanced  when  in  combination  with  carbon 
deposits  or  excess  fuel. 


Previously,  the  interaction  between  basic  fluxing  and  alloy-induced 
acidic  fluxing  was  discussed.  It  was  shown  that  for  environments  consisting 
of  oxygen  and  NagSO^,  the  basic  fluxing  propagation  mode  preoeeded  the  alloy - 
induoed  acidic  fluxing  propagation  mode,  In  fact,  as  a result  of  basic 
fluxing,  the  alloy-induced  acidic  attack  was  observed  sooner.  Interaction 
between  the  various  propagation  modes  for  Na^SO^  induced  hot  corrosion 
attack  is  quite  cannon.  One  particular  degradation  mode  may  be  dominant 
for  short  exposure  periods  and  another  after  very  long  exposures,  or  the 
dominant  modes  may  ahange  with  temperature.  Hence,  in  attempting  to  identify 
the  alloys  whioh  are  degraded  via  particular  propagation  modes  these  inter- 
actions must  be  taken  into  consideration, 

Basic  fluxing  and  sulfur-induced  degradation  are  two  propagation  modes 
that  are  often  fallowed  in  sequence  with  the  basic  fluxing  mode  preoeeding 
the  sulfidation  mode.  Such  a situation  arises  since  the  baslo  fluxing  mode 
requires  oxide  Iona,  and  sulfur  formation  in  the  metal  or  alloy  is  a means  of 
producing  oxide  ions.  Eventually,  the  accumulation  of  sulfidos  in  the  alloy 
can  result  In  degradation  via  the  oxidation  of  theso  sulfides.  It  must  be 
noted,  at  this  point,  that  there  are  some  alloys  wtsich  are  degraded  much  more 
severely  by  one  particular  propagation  mode,  even  though  two  modes  may  have 
been  operative  sequentially.  Nickel-  and  cobolt-base  alloys  containing 
more  than  2C$  chromium  and  no  aluminum  ara  not  eubstantlally  degraded  by 
baelo  fluxing  and  the  eignifioant  propagation  mode  for  alloys  with  no  re- 
fractory raotals  is  sulfidation,  Figure  54c  and  d.  On  the  other  hand,  the 
NagSO^-induced  hot  corrosion  of  nickel  and  cobalt  via  basic  fluxing  Is  sign- 


ificant  In  comparison  to  the  oxidation  of  the  sulfideB  formed  in  these  metals, 
Figure  29. 

Gas  induced  acidic  fluxing  and  sulfidation  degradation  are  propagation 
modes  whose  dominance  can  change  with  temperature.  For  example,  SO^-induced 
acidic  fluxing  requires  a supply  of  SO^  to  be  furnished  from  the  gas. 
Consequently,  the  sulfur  pressure  in  the  Ka^SO^  deposit  becomes  quite  high 
as  oxygen  is  removed  from  it  by  the  alloy.  At  low  temperatures  (e.g.  600*- 
750*C),  the  gas  induced  acidic  fluxing  process  can  be  extremely  rapid  and 
sulfide  formation  in  the  alloy  is  therefore,  often  negligibly  small.  Figure 
40.  The  amount  of  sulfide  formation  progressively  Increases  with  temperature, 
however,  since  the  thermodynamic  conditions  become  less  favorable  for  the  so3- 
induced  fluxing  process  and  sulfur  diffusion  into  the  alloy  becomes  more  pro- 
nounced. At  temperatures  of  1000*C  excessive  amounts  of  sulfides  can  be  formed 
and  their  subsequent  a ! ''tion  can  result  in  severe  degradation.  Figure  51. 

Alloy-induced  acidic  fluxing  is  usually  preceded  by  some  other  propagation 
modes  since  molybdenixa  or  tungsten  from  the  alloy  must  be  oxidized  and  added 
as  oxides  to  the  salt  deposit.  The  most  comon  propagation  modes  to  precede 
alloy  Induced  acidic  fluxing  are  basic  fluxing  and  sulfidation.  Since  these 
two  modes  are  favored  by  high  temperatures,  alloy  Induced  acidic  fluxing  is 
often  observed  at  temperatures  above  900*C. 

Chloride- induced  degradation  can  precede  any  of  the  propagation  modes 
described  in  this  paper.  Chloride  induced  attack  preceding  another  propagation 

mode  will  normally  be  observed  with  alloys  that  are  resistant  to  degradation, 

. > 

and  the  chloride-induced  attack  will  produce  depletion  of  elements  to  levels 
at  which  the  other  propagation  modes  can  become  dominant.  Figure  58.  Carbon  - 
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induced  effects  are  not  mechanisms  by  themselves  but  do  cause  conditions 
to  be  established  (e.g.  low  oxygen  pressures)  that  can  result  in  the  onset 
of  degradation  via  a propagation  mode  muoh  sooner  than  what  would  have 
occurred  without  any  carbon, 

Sven  though  the  hot  corrosion  propagation  modes  affeat  each  other  and 
this  interaction  depends  on  temperature*  it  is  of  value  to  attempt  to 
describe  the  alloys  which  are  the  most  susceptible  and  most  resistant  to 
attack  via  each  of  the  propagation  modes.  In  Figure  63*  alloys  which  are 
susoeptlble  or  resistant  to  the  various  propagation  modes  are  identified* 
and  techniques  to  inhibit  the  attaok  are  presented.  In  this  Figure*  the 
influence  of  environment  is  Indicated  by  progression  from  gases  with  no 
SOg*  where  basic  fluxing  would  be  favored*  to  gases  with  increasing  amounts 
of  80^  where  gaa-induaad  acidic  fluxing  could  be  expected,  Sulfur-induced 
degradation  and  alloy- Induced  acidic  attack  can  occur  in  gases  with  or 
without  SO^*  and  these  two  propagation  modes  are  therefore*  contained  in 
the  Interior  of  the  diagram,  The  affects  produced  by  chloride  and  carbon 
are  included  in  this  diagram  by  considering  their  influence  on  the  other 
propagation  modes.  This  is  a reasonable  approach  for  carbon*  since  it  haB 
been  found  that  carbon  effects  manifest  themselves  through  changes  produced 
in  the  oxygen  and  sulfur  pressures  in  NagS0^,  A similar  condition  is  not 
true  for  the  chloride-induced  effects  beaause  the  presence  of  chlorine 
can  result  in  hot  corrosion  attack  by  a distinct  propagation  mode*  Figure 
59.  Such  effects*  however*  do  cause  depletion  of  certain  elements  from 
alloys*  and  one  of  the  other  propagation  modes  therefore*  usually  follows  the 
ohlorlde-lnduoed  propagation  mode. 
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The  metals  and  alloys  which  are  auceptible  to  baaic  fluxing  are  nickel* 
cobalt  (Figure  29)*  Ni-Al  and  Co-Al  alloys  which  are  Al^O^-formers  (Figure  4)* 
and  Ni-Cr^Al  alloys  with  chromium  and  aluminum  ocnoentratlons  below  that  re- 
required to  form  external  scales  of  CrgO^  or  AlgO^*  26  11114  27).  The 

most  effective  procedure  to  inhibit  baaia  fluxing  is  to  increase  the  chromium 
content  of  the  alloys.  At  lew  chromium  concentrations*  ohromia  reacts  with  the 
oxide  ions  in  the  HagSO^  rather  than  N10  or  CoO,  Hence*  protective  scales  of 
these  latter  oxides  are  formed  end  grow  to  thioknesaes  for  whloh  oxide  ion 
production  in  the  Na^SO^  1s  not  significant.  At  higher  chromium  concentrations* 
where  continuous  OrgO^  is  formed  on  alloys*  these  ohromia  scales  are  not  as 
susceptible  to  solution  and  repreoipltatlon  from  the  NagBO^  as  Al^Og  appears 
to  be  in  the  absence  of  ohromium,  Chromia  scales  are  therefore*  very  effective 
barriers  to  basic  fluxing.  Since  baslo  fluxing  requires  that  an  oxygen  gradient 
be  developed  across  the  NagSO^*  the  formation  of  oxide  scales  that  grow  slowly 
and  consume  as  little  oxygen  as  possible  is  an  effeotlve  means  to  oembat 
baslo  fluxing.  The  addition  of  ohromium  and  aluminum  to  alloys  results  in 
improved  resistance  to  basic  fluxing  providing*  continuous  barriers  of  Al^O^ 
or  CrgO^  are  formed.  When  the  concentrations  of  these  elements  are  lass  than 
that  required  to  form  such  scales*  it  is  best  not  to  have  any  aluminum  in 
the  niokal-basa  alloys*  beoause*  under  such  conditions*  large  amounts  of 
sulfur  are  removed  from  the  NagBO^  along  with  ooncomltant  oxide  ion  production, 
Ohloride  in  NagSQ^  deposits  oauses  basic  fluxing  effects  to  be  observed  sooner 
by  depleting  the  alloy  of  aluminum  and  ohromium.  Thin  layers  of  platinum  5^m) 
on  the  surfaoes  of  alloys  have  been  found  to  be  effeotlve  in  inhibiting  suoh 
chloride-induoed  effects Carbon  causes  baaio  fluxing  to  be  observed  sooner 
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due  to  the  reduced  oxygen  pressures  which  develop  as  a result  of  its 


presence. 

The  oxidation  resistance  of  virtually  all  alloys  deteriorates  when 
sulfur  is  present  to  the  extent  that  sulfide  phases  exist  within  the  alloys. 
Nickel-base  alloys  containing  between  1 to  6$  aluminum  are  extremely 
susoeptible  to  this  type  of  hot  corrosion  attauk,  Figure  5.  Buch  attack 
can  be  inhibited  by  increasing  the  aluminum  concentration  beyond  elx  percent 
and/or  replacing  nlokel  with  cobalt.  Increased  eiiromium  concentrations  are 
a very  effeotlve  means  to  Inhibit  degradation  via  sulfidation.  Chromium 
ootribines  with  sulfur  to  fora  sulfides  with  relatively  high  melting  points. 

At  high  (e.g.  ~ 2Vf>  and  greater)  alloy  chranium  concentrations,  protective 
CrgO^  scales  are  often  formed  on  these  sulfides.  The  ohromium  concentration 
should  not  be  so  high,  however,  that  the  er-Cr  phase  becomes  stable.  Even 
when  less  protective  oxides  are  formed  on  the  sulfide  phases,  the  degradation 
rate  is  still  significantly  less  than  that  of  similar  nickel-bass  alloys 
containing  aluminum,  Figure  9,  Chloride  Induced  degradation  results  in 
accelerated  depletion  of  aluminum  and  chromium  from  alloys,  and  therefore, 
the  presence  of  chloride  in  deposits  causes  sulfidation  degradation  to  be 
observed  after  shorter  exposure  times,  Figure  58.  The  introduction  of  sulfur 
into  the  alloy  from  the  NagSO^  Is  favored  by  low  oxygen  pressures,  Figure 
24,  and  henoe,  carbon  in  deposits  hastens  the  onset  of  hot  corrosion  degradation 
via  the  sulfidation  propagation  mode. 

Alloy- induoed  acidic  fluxing  results  from  the  accumulation  of  oxides  such 
as  MoOy  WO^  or  Vg0j.  in  salt  deposits  on  alloys.  Susceptible  alloys  are 
therefore,  those  with  high  concentrations  of  such  elements  (e.g,  NX-188),  or 
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alloys  with  smaller  concentrations  of  these  elements  but  with  compositions 
that  permit  severe  attack  of  the  ailoyB  by  one  of  the  other  hot  corrosion 
propagation  modes  (e.g.  B-1900,  WX  52).  This  fora  of  hot  oorroslon  attack 
can  be  Inhibited  by  decreasing  the  concentrations  of  the  refractory  elements, 
molybdenum,  tungsten  and  vanadium,  It  la  not  certain  whether  columbium 
causes  affects  similar  to  these  three  elements.  Tantalum  does  not,  and 
therefore,  appears  to  be  a reasonable  replacement  for  Mo,  W arid  V in  alloys. 
Modifications  to  Inhibit  the  oxidation  of  the  Mo  or  W in  alloys  is  an 
effective  means  to  Inhibit  alloy-induced  acidic  attack.  Increased  ohromlum 
concentrations  have  h~en  used  to  achieve  such  a condition,  Figure  33  (e.g. 

XU  738,  HA-188).  As  usual,  chloride  and  carbon  in  deposits  cause  alloy- 
induced  effects  to  be  observed  sooner,  Figure  62. 

All  alloys  can  be  attooked  via  gas  phase-induced  acidic  fluxing  depending 
upon  the  SO^  pressure  and  the  temporature,  Silica  and  chrcmla  scales 
on  alloys  appear  to  be  the  most  resistant  to  degradation  via  this  mode  but 
even  barriers  of  that?*  oxides  can  be  destroyed  at  sufficiently  high  SO^ 
pressures.  Nevertheless,  increased  chromium  and  silicon  concentrations  do 
appear  to  be  a means  of  inhibiting  the  attack  of  alloys  by  gas  phase 
induced  attack.  At  low  temperatures  (e.g,  ~ 700*C),  this  attack  is  only 
severe  when  the  salt  deposit  is  a liquid.  In  the  case  of  Na2S0^  deposits, 
a liquid  phase  usually  is  developed  much  sooner  on  cobalt-base  rather  than 
nickel-base  systems,  A detailed  examination  is  required  of  the  effects 
of  chloride  and  carbon  on  gas  phase-induced  hot  corrosion.  At  present,  it 
appears  as  though  both  of  these  factors  will  cause  the  attaok  to  be  initiated 
sooner,  but  they  may  not  have  a substantial  effect  on  the  rate  of  this  pro- 
pagation mode  after  it  has  been  initiated. 
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SUMMARY  AND  CONCLUDING  REMARKS 


There  is  no  question  but  that  the  hot  corrosion  of  multicomponent  alloys  can 
be  a very  complex  phenomenon.  Nevertheless,  progress  is  being  made  on  under- 
standing hot  corrosion.  For  continued  progress,  it  is  necessary  to  look  upon 
hot  corrosion  as  being  composed  of  an  initiation  and  a propagation  stage.  During 
the  initiation  stage,  the  alloy  is  being  preconditioned  by  the  salt  or  ash 
deposit  and  the  gas  environment  to  degrade  via  a particular  propagation  mode. 

The  effects  produced  by  different  elements  on  the  hot  corrosion  process  Bhould 
be  qualified  as  to  whether  the  effect  occurs  in  the  initiation  Btage  or  the 
propagation  stage,  and  if  in  the  propagation  stage,  for  which  propagation 
mode.  The  problems  that  have  resulted  due  to  a lack  of  unification  of  the 
hot  corrosion  process  are  presented  as  follows: 

e It  has  bean  stated  that  cobalt  base  alloys  are  more 

resistant  to  hot  corrosion  attaok  than  nickel-base  alloys. 

Such  a condition  is  true  only  for  the  basic  fluxing  - sulfidation 
propagation  modes  and  then  only  for  alloys  containing  aluminum, 
e Some  controversy  exists  as  to  whether  molybdenum  and  other  similar 
elements,  such  as  W and  V,  produce  beneficial  or  deleterious 
effects  on  the  hot  corrosion  process.  This  element  inhibits  basic 
fluxing  effects  but  causes  alloy-induced  acidic  fluxing.  Hence, 
depending  on  the  propagation  mode,  it  can  produce  either  beneficial 
or  deleterious  effects, 

e Aluminum  has  been  reported  to  produce  either  beneficial  or 
deleterious  effects  on  hot  corrosion  and  this  is  true.  The 
addition  of  1 to  6$  aluminum  to  a nickel  chromium  alloy  greatly 
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decreases  its  resistance  to  attack  via  the  basic  fluxing  and 
sulfidation  modes.  On  the  other  hand  the  addition  of  aluminum 
to  Co-Cr  or  Fe-Cr  alloys,  or  to  Ni-Cr  alloys  at  levels  above 
1C$,  produces  Increased  resistance  to  degradation  via  these  pro- 
pagation modes. 

# Hot  corrosion  attack  of  materials  has  been  given  the  misnomer, 
"sulfidation."  One  of  the  propagation  modes  is  indeed  sulfidation. 
Hence,  sulfidation  is  a type  of  hot  corrosion,  but  all  hot 
corrosion  does  not  necessarily  occur  via  sulfidation, 
e A number  of  explanations  have  been  used  to  acoount  for  the  beneficial 
effects  of  chromium  on  the  hot  corrosion  process.  However,  all  of 
the  propagation  modes  are  less  effective  as  the  chromium  concentration 
is  Increased.  Hence,  indeed,  there  should  be  a number  of  different 
explanations  to  acoount  for  the  effeots  produced  by  chromium. 

Other  elements  of  significance  in  hot  oorroslon  attack  are:  Ta,  Ti,  Cb, 

Si,  Mn,  Zr,  B,  Cu,  P,  Zn  and  Pb.  At  present,  sufficient,  data  on  the  effects 
produced  by  these  elements  are  not  available  to  make  any  meaningful  comments. 

It  is  important  to  emphasize  that  future  investigations  directed  toward 
examining  the  effects  of  these  elements  on  the  hot  corrosion  process  should 
be  mindful  that  hot  corrosion  occurs  via  different  propagation  modes,  and 
hence  the  effects  attributed  to  given  elements  must  also  be  associated  with 
specific  propagation  modes. 
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Table  II 


Analyse*  of  Wash  Water  from 
Ni-0Cr-6Al  Specimens  With 
NagSOj,  Deposits  After  Exposure  at  1000*C 
in  Air  for  Different  Times 


Time 

% Remaining  _ 

Cr 

A1 

N1 

(Min, ) 

Na 

IPkl 

Sail 

M 

J2S* 

1 

100 

100 

<20 

4o 

<5 

6.4 

2 

100 

71 

50 

260 

<5 

7.9 

10 

74 

29 

420 

260 

<5 

8,1 

30 

72 

19 

1310 

200 

<5 

8.0 

* pH  of  water  prior  to  use  was  5.4. 


* pH  of  water  prior  to  ust  waa  5.4. 


Possible  Salt  Fluxing  Reaction 
For  fis^SOj^  Deposits  on  Alloys 


Solution  and  Precipitation  of  AO  as  a Result  of  a negative  Gradient  in  Solubility  of  AO  in  HagSO^ 


P r 

I j 


< 
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' r Figure  1.  Weight  change  versus  time  data  for  the  hot  corroelon  attack  of 

i|  Nl-8Cr-6Al  specimens  with  different  amounts  of  NagSOj,,  The  amount  of  de- 

2 gradation  Increases  as  the  amount  of  the  deposit  Is  Increased. 
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Figure  2,  Schematic  diagram  of  dynamic  combustor  used  in  the  hot 
corrosion  studies.  Salts  were  injected  into  the  rig  as  an  aqueous  solution 
near  the  fuel  nozzle.  Particulates  could  be  injected  into  the  burner 
at  the  instrument  collars  to  introduce  an  erosive  component  into  the  hot 
corrosion  test. 
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Figure  4.  Weight  change  versus  time  data  for  the  isothermal  hot  corrosion 
of  a C0-25AI  alloy.  The  data  indicate  that  the  NagSO^-induced  corrosion 
consists  of  an  initial  stage  over  which  the  attack  is  not  severe  and  a 
subsequent  stage  that  involves  substantially  more  attack.  In  an  isothermal 
test  with  a fixed  amount  of  salt,  the  hot  corrosion  attack  can  eventually 
subside. 
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Figure  8.  Schematic  diagram  to  illustrate  the  conditiono  that  develop 
during  the  initiation  and  propagation  of  hot  corrosion  attack  and  to 
identify  the  factors  that  determine  the  time  at  which  the  transition 
from  the  initiation  stage  to  the  propagation  stage  occurs. 
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Figure  9.  Weight  change  versus  time  data  for  the  cyclic  hot  corroaion 
of  Ni-30Cr  and  Ni-30Cr-6Al  epecimena.  The  aluminum  initially  causes 
the  Ni-30Cr^Al  to  be  more  resistant  than  Ni«30Cr,  but  after  longer 
times  it  causes  more  severe  attack. 
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Figure  10.  Weight  change  versus  time  data  showing  that  Increased 
chromium  concentration  In  Nl-Cr-Al  alloys  extends  the  Initiation  stage 
for  hot  corrosion  attack  Induced  by  large  deposits  of  NagBO^  In  air. 
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Figure  11.  Comparison  of  weight  change  versus  time  data  for  cyclic 
hot  oorroalon  of  a NlCrAlY  alloy  in  two  fabrication  conditions.  A 
prat active  barrier  of  AlpO,  1b  formed  on  the  vapor  deposited  alloy 
but  oxides  other  than  AlpOx  have  been  formed  on  the  as  oast  alloy 
and  it  is  in  the  propagation  stage  of  degradation  as  evidenced  by  the 
larger  weight  changes. 
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Figure  12,  Weight  change  versus  time  data  obtained  for  the  Isothermal 
hot  corrosion  of  CoCrAlY  coated  IN  792.  Hot  corrosion  wbb  induced  by 
using  NagSO,  deposits  (~  1 mg/cm2).  In  one  experiment  a NagSO.  -40  mole 
percent  MgSo^  deposit  was  used  to  obtain  a liquid  deposit  at  tne  test 
temperature.  The  gas  was  flowing  oxygen  exoept  in  one  experiment  where 
an  SOg-Og  gas  mixture  was  passed  over  a platinum  aatalyst  to  develop 
an  Bog  pressure  of  10-^  atm  during  the  first  2.9  hrs.  of  the  experiment. 
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Figure  13,  Weight  change  veraua  tine  data  obtained  for  the  Isothermal 
hot  corrosion  of  a Nl-8Cr-6Al-6Mo  alloy  In  static  air  and  in  oxygen 
having  a linear  flow  rate  of  31  cm  per  Bee, 
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Figure  15.  3urface  and  microstructural  features  developed  for  Ni-8Cr- 
6AI-6M0  specimens  after  exposure  at  1000#C  in  air  to  thin  (a,  ^ 5 am, 

7 minutes  exposure)  and  thick  melts  (b>  ~ 1 cm>  4 minutes  exposure j of 
NagSO^,  Attack  with  the  thin  deposit  was  ovident  visually  after  leBS 
than  I minute  and  usually  spread  laterally  over  the  surface  from  the 
point  of  initiation.  The  specimen  in  the  thick  melt  showed  no  attack 
after  4 minutes, 
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Figure  16.  Weight  change  versus  time  curves  for  X-40  specimens  (Co-25.3Cr- 
10. 5Ni-T. 5W-0. 5C ) exposed  in  a high  velocity  burner  rig  (gas  velocity  ~ 180 
m/s ) at  871#C  (l600*F)  to  hot  corrosion  conditions  (baseline  conditions: 
NagSO^-22  weight  percent  Kg30^  deposited  at  0.05  mg/cm2-hr)  and  erosion-hot 
corrosion  conditions  (baseline  conditions  plus  300  ppm  of  oxides  having 
indicated  average  particle  sizes).  The  0,03  (j,m  Al^Oj  particles  deposited 
on  the  leading  edges  of  specimens. 


Figure  17.  Weight  change  versus  time  data  for  the  cyclic  hot  corrosion 
in  air  of  Ni-30Cr-6Al  specimens  using  Na_SOL  deposits  applied  every  20  hrs; 
at  1000BC  the  initiation  stage  for  hot  corrosion  is  less  than  100  hrs. 
whereas  at  900®C  It  is  greater  than  300  hrs. 
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Figure  18,  Weight  change  versus  time  data  for  the  hot  corrosion  attack 
of  a CoCrAlY  coating  on  IN  738  using  3.  mg/cm*  NagSO)  deposits  and  SOg/Og 
gas  mixtures,  When  the  SOg-Og  ratios  were  adjusted 4to  give  the  same  SOo 
pressure,  more  attack  occurred  at  the  lower  temperature.  When  the  same"5 
ratio  was  used  at  both  i.emperatures,  a lower  SO,  pressure  was  developed 
at  the  higher  temperature. 
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Figure  20.  Scanning  micrographs  comparing  features  of  oxide  scales 
(oxide-gas  interface)  formed  on  IN  738  after  exposure  in  a burner  rig  at 
871°C  to  hot  corrosion  (0.05  rag/cm^-hr  NaoSOv-22  w/o  K^SO^)  and  erosion- 
hot  corrosion  (0.05  mg/cm2-hr  NagSO^-22  w/o  and  300  ppm  2.5  u,m 

AlgO  particles  at  180  m/s).  The  erosive  component  has  removed  much  of 
the  porous  oxide  that  is  normally  developed  on  this  alloy  during  hot 
corrosion  attack. 
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Figure  21.  Scanning  and  microstructural  photomicrographs  of  an  IN  738 
specimen  that  was  exposed  to  erosion~corroslon  conditions  (described  in 
Figure  20);  large  craters  on  the  specimen  surface  (white  arrows)  are 
believed  to  be  formed  because  of  dlalodgement  of  oxides  and  alloy  (black 
arrows)  by  impacting  particles. 


Figure  22.  Photograph  of  the  surface  of  a Co-25Cr-6Al  specimen  after 
400  cycles  at  1000°C  in  1 atm  of  oxygen  with  5 mg/cm^  Na^SO^  applied  to 
specimen  every  20  hrs;  the  hot  corrosion  attack  initiated  at  the 
edge  of  this  specimen. 


Figure  23.  Schematic  diagram  to  illustrate  the  three  general 
categories  of  protective  eoale  breakdown  to  a leaser  protective  reaction 
product  when  a salt  deposit  is  present  during  the  corrosion  process. 
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Figure  25.  Stability  diagram  to  illustrate  the  phaeee  of  niokel 
aluminum  (...,)  and  chromium  (xxx)  which  can  exiat  in  a NagSCfy  layer  on 
a Ni-Cr-Al  alloy.  The  NagSO^  region  1>  bounded  by  NagQ  and  NagS  and 
indicated  by  eolld  straight  lines.  In  NagSOj.  of  the  composition®,  HiO 
will  dieeolve  making  the  NapSO^  more  basic  whereas  Al_0«  will  not  react 
with  the  melt.  In  NagSOj  or  the  composition  e,  AlgO,,  will  dissolve 
making  the  melt  more  acidic  while  CrgO^  will  not  react. 


Figure  27.  Microstructural  photomicrographs  showing  features  of  Ni-3Cr-6Al 
specimens  after  exposure  at  1000°C  in  air  to  5 mg/cm^  NagSO^  for  2 minutes, 
(a),  and  1 hr,  (b).  Degradation  via  basic  fluxing  is  evident  after  two 
minutes,  (a),  but  the  Na^SO^  becomes  consumed  after  1 hr,  hence  the  rapid 
attack  ceases  and  the  microstructure  no  longer  exhibits  the  basic  fluxing 
features,  (b). 


Figure  28.  Schematic  diagrams  to  illustrate  the  Na-SOi -induced  hot 
corrosion  of  a Ni-8Cr-6Al  alloy  in  air.  Oxygen  depletion  occurs,  (a), 
and  Bulfide  formation  results  In  the  production  of  oxide  ions  which 
react  with  Al_0  and  CrpO  , (b).  At  higher  oxygen  pressures  the  Cr203 
and  AlpO.  precipitate  ffod  the  melt,  (c).  A phase  stability  diagram  , (d), 
is  used  to  account  for  the  stability  of  phases  in  (c). 
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Figure  29.  During  the  oxidation  of  NaSO^ -coated  cobalt  specimens  at 
1000°C  in  air,  puddles  of  NagSO^  (white  arrows)  are  formed  in  which 
particles  of  oxide  (black  arrows)  were  suspended  (a,  30  sec).  The  oxide 
beneath  these  puddles  of  Na^SO^  contained  deep  depressions  and  small 
holes  at  oxide  grain  boundaries  (b,  30  sec).  The  oxide  scale  was  com- 
posed of  layers  and  sulfide  could  be  detected  in  the  metal  adjacent  to 
the  scale,  (c  and  d,  3 min). 
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Figure  30.  Schematic  model  illustrating  the  sequential  steps  in  the 
NagSO^-induced  hot  corrosion  of  cobalt  in  oxygen. 
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Figure  31,  Weight  change  vercue  tine  data  to  compare  the  hot  corroelon 
attack  of  C0-25AI  and  Co-25A1-12W  alloys , Preannealing  of  the  NagSO^- 
coated  *peclmen*  of  C0-25AI-I2W  for  1 hour  at  1000*C  In  dry  argon  ( Oda4a 
point*)  greatly  reduced  the  time  required  to  Initiate  hot  corroiion  attack. 
Data  fbr  oxidation  without  Na-SO.  vaa  about  the  same  for  both  alloy*. 

Figure  4.  * 
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Figure  32.  Microstructural  photomicrographs  and  microprobe  images  of  a 
CO-25A1-12W  alloy  specimen  after  20  hrs.  of  oxidation  in  1 atm  of  oxygen  at 
1000°C.  Prior  to  oxidation  the  specimen  was  coated  with  5 mg/cm2  Na  SO, 
and  annealed  for  1 hr.  in  argon  at  1000°C.  Weight  change  data  for  this4 
specimen  are  presented  in  Figure  31.  (a)  Optical  micrograph  showing 

overall  scale  thickness,  (b)  and  (c)  Optical  micrograph  and  electron 

backscatter  image,  respectively,  of  scale-alloy  interface.  (d)  Tungsten  “ 

X-ray  image  showing  that  tungsten  is  enriched  in  the  ox'ide  scale  at  the  £ 

alloy-scale  interface. 
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Figure  33.  Comparison  of  isothermal  oxidation  for  Co-20Cr-12W  and 
Co-25Cr-12W  alloys  with  and  without  Na„f30i,  dspooits.  Hot  corrosion  attack 
was  initiated  only  in  ths  Co-20Cr-12W  alldy  coated  with  NagSO^, 
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Figure  34,  Comparison  of  cyclic  hot  corrosion  data  for  specimens  of 
Co-25Cr~12W  and  Ni-25Cr-12W.  Both  alloys  were  severely  degraded  via 
hot  corrosion. 
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Figure  35.  Comparison  of  the  isothermal  hot  corrosion  of  NagSCV- 
coated  Ni-8Cr-6Al  and  Ni-8Cr-6Al-6Mo  alloys;  both  alloys  havl  undergone 
hot  corrosion  attack.  Degradation  miorostructures  for  Ni-8Cr-6Al  are 
presented  in  Figure  27.  The  circled  numbers  in  the  Figure  identify 
various  stages  during  the  hot  corrosion  of  the  Ni-8Cr-6Al-6Mo  and  typical 
degradation  miorostructures  for  this  alloy  are  presented  in  Figures 
36  and  46. 
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Figure  36.  Photograph  showing  structure  of  corrosion  product  formed 
on  NapSO^-coated  Ni-8Cr-6Al-6Mo  after  exposure  at  1000°C  in  flowing 
oxygen  (a).  This  structure  corresponds  to  stage  8 of  Figure  35. 
Higher  magnification  of  area  indicated  in  (a)  showing  scale-alloy 
interface  (b).  (c)  X-ray  images  of  area  shown  in  (b). 
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Figure  37.  Stability  diagram*  showing  the  phase*  of  aluminum  that  can  be 
Btable  in  Na-,80^  at  700*C,  (a),,  and  llOO-C,  (b),  and  defining  region*  where 
basic  or  acidic  fluxing  of  AlgO,  appear  possible.  Very  high  SO,  pressures 
are  required  for  acidic  fluxing  at  temperatures  of  1000°  and  1100#C  and 
refractory  metal  oxideB  are  believed  to  make  acidic  fluxing  reactions 
favorable  at  lower  SO,  pressures  as  indicated  by  the  displaced  boundary  in 
(b)  (arrows).  Dashed^lines  in  (n)  are  80g  isobars  (atmsj. 


IIS 


45  Mm 


Figure  38.  Microstructural  photomicrographs  to  compare  the  attack  of  CoCrAl' 
coatings  on  IN  738  after  exposure  at  6U9°C,  The  combination  of  Na_SCV  and 
SO,  is  very  effective  in  producing  attack  whereas  a significant  amount  of 
attack  at  649°C  is  not  observed  for  NapSOi  or  SO,  acting  independently. 


Figure  39.  Degradations!  features  developed  during  the  hot  corrosion  of 
CoCrAlY  coatings  as  a result  of  exposure  at  704°C  to  NapSO^  deposit  (~  1 mg/ 
cm2)  and  oxygen  containing  SO,  at  7*10-1+  atm;  (a)  localized  attack  is 
evident  and  the  outer  zone  of^the  corrosion  product  (arrows)  is  rich  in 
cobalt,  (b)  X-ray  images  show  that  sodium  and  sulfur  are  present  in  the 
corrosion  product,  (cj  the  localized  nature  of  the  attack  is  less  evident 
on  vapor  honed  specimens. 


Figure  40.  Microstructural  features  developed  in  a CoCrAlY  alloy  during 
17.3  hrs.  of  exposure  to  a Na^SO^  deposit  (2.5  mg/ cm2)  and  oxygen  containing 
SCU  (7*10"^  atm)  at  704°C.  G^ost  images  of  the  corrosion  front,  (a),  and 
the  a-cobalt  phase  in  the  alloy,  (b)  and  (c),  are  evident.  Results 
obtained  from  microprobe  analyses  of  the  corrosion  product  are  presented 
in  (d). 
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Figure  4l,  Microstructural  features  that  are  developed  at  the  corrosion 
product -CaCrAlY  interface  during  hot  corrosion  attack,  (704°C,  17,3  hrs 
2.5  mg/cm2  Na„30^,  SO-  (7* 10“^  atm)  in  flowing  oxygen).  The  light  and 
dark  phases  in  the  corrosion  product  are  chromium  and  aluminum  enriched, 
respectively,  and  arrows  indicate  particles  of  the  cv-cobalt  phase  being 
converted  to  the  chromium  enriched  oxide  phase. 
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Figure  Ul.  Microstructural  features  that  are  developed  at  the  corrosion 
product -CoCrAlY  interface  during  hot  corrosion  attack.  (70U°C,  17.3  hrs., 
2.5  mg/ cm2  NagSO^,  SO^  (7* 10“^  atm)  in  flowing  oxygen).  The  light  and 
dark  phases  in  the  corrosion  product  are  chromium  and  aluminum  enriched, 
respectively,  and  arrows  indicate  particles  of  the  a-cobalt  phase  being 
converted  to  the  chromium  enriched  oxide  phase. 
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Figure  43.  Schematic  diagrams  to  illustrate  the  hot  corrosion  attack  of  a 
CoCrAlY  alloy  when  SO,  is  present  in  the  gas.  At  low  temperatures  solid 
NapSO,  can  he  converted  to  a liquid  Na-SQ^ -CoSOl  solution  due  to  the  formation 
of* small  amounts  of  cobalt  oxide,  (a).  This  liquid  can  penetrate  the  AlgO- 
at  cracks  and  produce  attack  of  the  alloy  as  indicated  schematically  in  * 3 
(b),  (c),  and  (d).  The  proposed  solution  and  precipitation  of  oxide  can  be 
rationalized  by  using  a stability  diagram,  (e),  that  assumes  a region  of 
sulfite  as  well  as  regions  of  metal,  sulfide,  oxide  and  sulfate  in  Na^SO^. 

The  two  lines  terminated  by  dots  and  x's  indicate  possible  gradients  across 
a NeuSOi  layer  on  CoCrAlY.  The  gradient  identified  by  dots  is  conducive 
to  solution  and  precipitation  of  an  oxide,  a condition  that  can  be  expected 
at  lower  temperatures.  The  gradient  identified  by  x's  is  more  coumon  for 
higher  temperatures  and  is  not  suitable  for  acidic  fluxing. 
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Figure  44.  Schematic  diagrams  to  illustrate  the  similarity  between  the 
oxidation  of  zinc  where  a nonprotectlve  oxide  fume  Is  formed,  above  the 
metal  and  the  hot  corrosion  of  alloys  via  fluxing  processes  involving 
solution  and  subsequent  precipitation  of  nonprotectlve  oxide  in  the  melt 
away  from  the  surfaces  of  alloys. 
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Figure  45.  Comparison  of  weight  change  versus  time  data  for  the  NagSOj- 
lnduced  hot  corrosion  In  air  of  B-1900  and  IN  738. 
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Figure  U6.  Photomicrographs  showing  the  microstructural  features  that 
developed  during  Na  SO^-induced  hot  corrosion  of  Ni-8C r'-6Al-6Mo  alloys 
at  1000°C ; (a)  and  ft>)  2 min.  in  static  air,  (c)  lU.5  min.  in  flowing 
oxygen,  (d)  1.5  hrs.  in  static  air. 
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Figure  47,  Weight  change  veraua  tine  data  to  compare  the  hot  oorroaion 
attack  of  Ni-8Cr-oAl  and  Ni-l6Cr-3.4Al  in  Na^SO^  - immeralon  teata,  and  the 
hot  oorroaion  attack  of  two  m 73B-type  of  alloye. 
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Figure  48,  Weight  change  vereua  time  data  to  canpara  the  hot  corroeion 
attack  of  alloys  with  compositions  related  to  IN  738  but  having  different 
chromium  and  carbon  concentrations, 
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Figure  50.  Weight  change  veraua  time  data  to  compare  the  hot  corroeion 
attack  of  a Ni-8Cr-6Al-6Mo  alloy  by  depoaita  of  NagSO^  and  NagMoO^, 
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Figure  51.  Comparison  of  tha  cyclic  oxidation  data  obtained  for  Nl-25Cr<4>Al 


apecimena  that  were  coated  vlth  Na^SO^  to  those  preaulfidlaed  In  an  HgS-Hg 

mg/oft2  of  NagSOr  was  added  to  one  apeclften 
of  exposure  up  to  20  hrf,  and  then  after  every  10  hr. 


gaa  mixture.  Approximately  5 


after  every  5 hra. 

Interval  beyond  20  hra.  The  presulfidation  was  performed  at  the  same  time 
intervals  that  the  NauSC^  was  applied  and  the  sulfur  picked  up  vas  equivalent 
to  the  sulfur  In  a 5 fig/om*  Na^SO^  depoalt. 
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Figure  52.  Comparison  of  the  microstructures  developed  in  Co-25Cr-6Al, 

(a),  (c),  and  Ni-25Cr-6Al,  (b),  (d),  specimens  after  isothermal  oxidation  at 
1000°C  in  1 atm  of  oxygen  where  the  specimens  were;  coated  with  5 mg/cm^ 

Na  SO.  , (a),  (b),  or  presulfidized  for  20  sec.  in  an  HpS-Hp  gas  mixture  with 
HgS/Hg  = 0.2,  prior  to  oxidation,  (c),  (J),  ^ c 


Figure  53.  Compariaon  of  the  cyclic  hot  corroalon  data  obtained  for  Ni-25Cr- 
6A1-.2Y,  Co-25Cr-6Al-.5Y,  Nl-30Cr  and  Co-35Cr  apeclmenaj  the  NagSOi,  wae 
applied  every  20  hra.  The  attack  of  NICiAlY  waa  rauoh  more  aevere  than 
CoCrAlY  wherean  auch  a difference  waa  not  evident  between  Co-35Cr  and  Nl-30Cr. 
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Figure  5*+.  Photomicrographs  to  illustrate  two  mechanisms  by  which  sulfide 
phases  in  alloys  can  result  in  the  formation  of  nonprotective  oxide  scales 
during  oxidation.  Sulfide  phases,  (a),  (electron  backscatter  image  showing 
sulfide  stringers:  liquid  nickel  sulfide.  A,  and  chromium  sulfide,  B)  in  a 
Na  SO, -coated  (5  mg/cm2)NiCrAlY  specimen  after  U7  hrs.  of  oxidation  at 
1000°C  in  1 atm  of  oxygen  are  preferentially  oxidized,  (b),  (nonprotective 
CrgOo  and  Al^O.  scales.  A,  and  unoxidized  nickel-chromium  sulfide  stringers, 
B).  Nonprotective  Cr20_  is  formed  on  Ni-30Cr,  (c),  and  Co-35Cr,  (d), 
specimens  due  to  the  oxidation  of  chromium  sulfide  particles  during  2h0  hrs. 
of  cyclic  hot  corrosion  exposure  (0.5  mg/cm^  Na_S0,  applied  every  20  hrs.) 
at  1000° C in  air.  4 
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Figure  55.  Microatructural  photomicrographs  and  X-ray  images  of  a Co-25Cr- 
6A1-.5Y  specimen  after  100  hrs,  of  cyclic  hot  corrosion  testing  at  900°C 
where  1 mg/crn2  NagSO^-90^  NaCl  was  applied  after  every  20  hrs.  The  structural 
features  at  the  external  scale  - alloy  porous  zone  interface  and  at  the 
alloy  porous  zone  - unaffected  alloy  interface  are  shown  in  (a)  and  (d), 
respectively,  (b)  and  (c)  are  X-ray  images  of  the  area  shown  in  (a),  and  (e) 
and  (f)  are  X-ray  images  of  the  area  defined  in  (d), 
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Figure  56.  Scanning  electron  micrographs  of  Co-25Cr-6Al-.5Y  specimens  after 
exposure  to  a NagSO^-^  NaCl  deposit  at  900°C  in  air.  The  dashed  lines  in 
(a)  define  the  zone  of  internal  attack  which  is  composed  of  a network  of 
coarse  (white  arrows)  and  small  (black  arrows)  pores,  (b).  This  porous 
network  appears  to  coincide  with  the  p-CoAl  phase  of  the  alloy,  (c),  but 
the  pores  do  not  have  the  exact  shape  of  the  p-phase,  (d). 
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Figure  58.  Photomicrographs  to  compare  the  attack  of  Ni-30Cr  specimens-" 
after  exposure  at  900°C  in  air  for  1190  cycles  (l  cycle  ~ 1 hr^Vwith  1 mg/ 
cm2  Na2S0r  applied  e-rery  20  hrs.,  (a),  and  for  27^ cycles"' with  1 mg/cm2 
Na„S0,,  - 10$  NaCl  applied  every  20  hrs.,  (b). 
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Figure  60.  Photomicrographs  of  Ni-l6Cr-3.Ml  specimens  after  exposure 
at  1000 °C  in  air  tos  (a)  a 5 mg/cm2  deposit  of  NeigSOj,  for  Q hrs.,  (b ) a 
thick  carbon  deposit  for  8 hrB,,  (c)  a 5 mg/ cm2^deposit  of  NagSOj  and 
a thick  carbon  deposit  for  1 hr.,  (d)  a 5 mg/cm*1  deposit  of  Na^SO^  and 
an  excess  of  liquid  fuel  (Jet  A)  for  1 hr. 
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Figure  61.  Mlcroatructural  photomicrographs  of  CoCrA.lY  coatings  after 
exposure  of  specimens  with  1 mg/cwr  HRoSOk  to  an  excess  fuel  test.  When 
specimens  were  exposed  for  1 minute  in^the  furnace  at  1300°C,  large 
areas  of  their  surfaces  exhibited  sulfide  particles,  (a)  and  (b),  and  close 
inspection  showed  that  these  sulfides  had  been  preferentially  oxidized, 

(c).  In  specimens  exposed  for  only  30  sec,  at  lSOO'C,  sulfides  were  not 
as  readily  apparent  but  substantial  attack  was  evident,  (d), 
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Figure  62.  Photomicrographs  to  compare  IN  738  specimens  after  a 1 hr. 
exposure  at  1000°C  in  air  to:  (a)  a NagSO^  deposit  (l  mg/W),  (b) 
immersion  in  crucible  containing  5 ml  of  Jet  A fuel,  (c)  a NagSO^  deposit 
(l  mg/cm^)  and  immersion  in  crucible  with  5 ml  of  Jet  A fuel. 
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■ to  Identify  the  alloy  wyatwi  which  are  susceptible  to  attack  via  the  principal  hot 
.ion  aodes  and  to  describe  procedures  to  Inhibit  such  degradation.  ' 
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